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                    Abstract
3D bioprinting as a process has enabled the creation of complex structures laden with biological information including cells that is not realizable with conventional manufacturing techniques. Within this new manufacturing process, design strategies and design tools have to be adapted to deliver its full potential. In architecture, parametric design has allowed the creation of new shapes by expressing parameters in an algorithm that defines the relationship between design intent and design response. In this study, the application of this method to the bioprinting of hollow channel grown in silico within a porous scaffold is demonstrated. The final object was printed using a novel bioink formulation based on carboxylated agarose that is extrudable at ambient temperature. The hollow bioprinted object was imaged with X-ray computed tomography to obtain a 3D model for design validation. This proposed workflow “from design to validation” represents a new paradigm for realizing complex structures in 3D bioprinting through in silico optimization.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1


Fig. 2


Fig. 3


Fig. 4


Fig. 5


Fig. 6


Fig. 7



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Microneedles: materials, fabrication, and biomedical applications
                                        
                                    

                                    
                                        Article
                                        
                                         06 June 2023
                                    

                                

                                Xiaojin Luo, Li Yang & Yue Cui

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        3D Printing in Pharmaceutical and Medical Applications – Recent Achievements and Challenges
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 July 2018
                                    

                                

                                Witold Jamróz, Joanna Szafraniec, … Renata Jachowicz

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        3D bioprinting: current status and trends—a guide to the literature and industrial practice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         02 December 2021
                                    

                                

                                Silvia Santoni, Simone G. Gugliandolo, … Bianca M. Colosimo

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	J.S. Miller, K.R. Stevens, M.T. Yang, B.M. Baker, D.H.T. Nguyen, D.M. Cohen, E. Toro, A.A. Chen, P.A. Galie, X. Yu, R. Chaturvedi, S.N. Bhatia, C.S. Chen, Rapid casting of patterned vascular networks for perfusable engineered three-dimensional tissues. Nat. Mater. 11, 768–774 (2012). https://doi.org/10.1038/nmat3357
                        
Article 
    
                    Google Scholar 
                

	S. Khalil, W. Sun, Bioprinting endothelial cells with alginate for 3D tissue constructs. J. Biomech. Eng. 131, 111002 (2010). https://doi.org/10.1115/1.3128729
                        
Article 
    
                    Google Scholar 
                

	T. Bhattacharjee, S.M. Zehnder, K.G. Rowe, S. Jain, R.M. Nixon, W.G. Sawyer, T.E. Angelini, Supplementary_Writing in the granular gel medium. Sci. Adv. 1, e1500655–e1500655 (2015). https://doi.org/10.1126/sciadv.1500655
                        
Article 
    
                    Google Scholar 
                

	J. Monedero, Parametric design: a review and some experiences. Autom. Constr. 9, 369–377 (2000). https://doi.org/10.1016/S0926-5805(99)00020-5
                        
Article 
    
                    Google Scholar 
                

	I. Ozbolat, H. Gudapati, A review on design for bioprinting. Bioprinting 3, 1–14 (2016). https://doi.org/10.1016/j.bprint.2016.11.001
                        
Article 
    
                    Google Scholar 
                

	A.A. Zadpoor, Design for additive bio-manufacturing: From patient-specific medical devices to rationally designed meta-biomaterials. Int. J. Mol. Sci. 18 (2017). https://doi.org/10.3390/ijms18081607
                        

	K.A. Homan, D.B. Kolesky, M.A. Skylar-Scott, J. Herrmann, H. Obuobi, A. Moisan, J.A. Lewis, Bioprinting of 3D convoluted renal proximal tubules on perfusable chips. Sci. Rep. 6, 34845 (2016). https://doi.org/10.1038/srep34845
                        
Article 
    
                    Google Scholar 
                

	A. Forget, J. Christensen, S. Ludeke, E. Kohler, S. Tobias, M. Matloubi, R. Thomann, V.P. Shastri, S. Lüdeke, E. Kohler, S. Tobias, M. Matloubi, R. Thomann, V.P. Shastri, Polysaccharide hydrogels with tunable stiffness and provasculogenic properties via -helix to -sheet switch in secondary structure. Proc. Natl. Acad. Sci. 110, 12887–12892 (2013). https://doi.org/10.1073/pnas.1222880110
                        
Article 
    
                    Google Scholar 
                

	N. Arya, A. Forget, M. Sarem, V.P. Shastri, RGDSP functionalized carboxylated agarose as extrudable carriers for chondrocyte delivery. Mater. Sci. Eng. C 99, 103–111 (2019). https://doi.org/10.1016/j.msec.2019.01.080
                        
Article 
    
                    Google Scholar 
                

	A. Forget, A. Blaeser, F. Miessmer, M. Köpf, D.F.D. Campos, N.H. Voelcker, A. Blencowe, H. Fischer, V.P. Shastri, Mechanically tunable bioink for 3D bioprinting of human cells. Adv. Healthc. Mater. 6, 1700255–1700262 (2017). https://doi.org/10.1002/adhm.201700255
                        
Article 
    
                    Google Scholar 
                

	A. Sainio, H. Järveläinen, Extracellular matrix macromolecules: potential tools and targets in cancer gene therapy. Mol. Cell. Ther. 2, 14 (2014). https://doi.org/10.1186/2052-8426-2-14
                        
Article 
    
                    Google Scholar 
                

	P. Carmeliet, R.K. Jain, Molecular mechanisms and clinical applications of angiogenesis. Nature 473, 298–307 (2011). https://doi.org/10.1038/nature10144
                        
Article 
    
                    Google Scholar 
                

	A. Neve, F.P. Cantatore, N. Maruotti, A. Corrado, D. Ribatti, Extracellular matrix modulates angiogenesis in physiological and pathological conditions. Biomed. Res. Int. 2014, 1–10 (2014). https://doi.org/10.1155/2014/756078
                        
Article 
    
                    Google Scholar 
                

	J. Li, W. Zhi, T. Xu, F. Shi, K. Duan, J. Wang, Y. Mu, J. Weng, Ectopic osteogenesis and angiogenesis regulated by porous architecture of hydroxyapatite scaffolds with similar interconnecting structure in vivo. Regen. Biomater. 3, 285–297 (2016). https://doi.org/10.1093/rb/rbw031
                        
Article 
    
                    Google Scholar 
                

	H. Mehdizadeh, S. Sumo, E.S. Bayrak, E.M. Brey, A. Cinar, Three-dimensional modeling of angiogenesis in porous biomaterial scaffolds. Biomaterials 34, 2875–2887 (2013). https://doi.org/10.1016/j.biomaterials.2012.12.047
                        
Article 
    
                    Google Scholar 
                

	Q.L. Loh, C. Choong, Three-dimensional scaffolds for tissue engineering applications: role of porosity and pore size. Tissue Eng. Part B Rev. 19, 485–502 (2013). https://doi.org/10.1089/ten.TEB.2012.0437
                        
Article 
    
                    Google Scholar 
                

	P. Lal, W. Sun, Computer modeling approach for microsphere-packed bone scaffold. CAD Comput. Aided Des. 36, 487–497 (2004). https://doi.org/10.1016/S0010-4485(03)00134-9
                        
Article 
    
                    Google Scholar 
                

	T. Johnson, R. Bahrampourian, A. Patel, K. Mequanint, Fabrication of highly porous tissue-engineering scaffolds using selective spherical porogens. Biomed. Mater. Eng. 20, 107–118 (2010). https://doi.org/10.3233/BME-2010-0621
                        

                    Google Scholar 
                

	Ş. Bora, V. Evren, S. Emek, I. Çakırlar, Agent-based modeling and simulation of blood vessels in the cardiovascular system. Simulation 95, 297–312 (2019). https://doi.org/10.1177/0037549717712602
                        
Article 
    
                    Google Scholar 
                

	J. Jiang, X. Xu, J. Stringer, Support structures for additive manufacturing: a review. J. Manuf. Mater. Process 2, 64 (2018). https://doi.org/10.3390/jmmp2040064
                        

                    Google Scholar 
                

	T.J. Hinton, Q. Jallerat, R.N. Palchesko, J.H. Park, M.S. Grodzicki, H. Shue, M.H. Ramadan, A.R. Hudson, A.W. Feinberg, Three-dimensional printing of complex biological structures by freeform reversible embedding of suspended hydrogels. Sci. Adv. 1, 1–10 (2015). https://doi.org/10.1126/sciadv.1500758
                        
Article 
    
                    Google Scholar 
                

	K. Takagishi, S. Umezu, Development of the improving process for the 3D printed structure. Sci. Rep. 7, 1–10 (2017). https://doi.org/10.1038/srep39852
                        
Article 
    
                    Google Scholar 
                

	L.E. Bertassoni, M. Cecconi, V. Manoharan, M. Nikkhah, J. Hjortnaes, A.L. Cristino, G. Barabaschi, D. Demarchi, M.R. Dokmeci, Y. Yang, A. Khademhosseini, Hydrogel bioprinted microchannel networks for vascularization of tissue engineering constructs. Lab Chip 14, 2202–2211 (2014). https://doi.org/10.1039/c4lc00030g
                        
Article 
    
                    Google Scholar 
                

	Arnott S, Fulmer A, Scott WE, Dea IC, Moorhouse R, Rees D a (1974) The agarose double helix and its function in agarose gel structure. J. Mol. Biol. 90:269–284

	A. Forget, R. Gianni-Barrera, A. Uccelli, M. Sarem, E. Kohler, B. Fogli, M.G. Muraro, S. Bichet, K. Aumann, A. Banfi, V.P. Shastri, Mechanically defined microenvironment promotes stabilization of microvasculature, which correlates with the enrichment of a novel Piezo-1 + population of circulating CD11b +/CD115 + monocytes. Adv. Mater. 1808050, 1808050 (2019). https://doi.org/10.1002/adma.201808050
                        
Article 
    
                    Google Scholar 
                

	D.B. Kolesky, R.L. Truby, A.S. Gladman, T.A. Busbee, K.A. Homan, J.A. Lewis, 3D bioprinting of vascularized, heterogeneous cell-laden tissue constructs. Adv. Mater. 26, 3124–3130 (2014). https://doi.org/10.1002/adma.201305506
                        
Article 
    
                    Google Scholar 
                

	A. Rüther, A. Forget, A. Roy, C. Carballo, F. Mießmer, R.K. Dukor, L.A. Nafie, C. Johannessen, V.P. Shastri, S. Lüdeke, Unravelling a direct role for polysaccharide β-strands in the higher order structure of physical hydrogels. Angew Chemie Int. Ed. 56, 4603–4607 (2017). https://doi.org/10.1002/anie.201701019
                        
Article 
    
                    Google Scholar 
                

	Naomi Paxton, Willi Smolan, Thomas Böck, Ferry Melchels, Jürgen Groll TJ (2011) Proposal to assess printability of bioinks for extrusion-based bioprinting and evaluation of rheological properties governing bioprintability

	K.R. Beckett, A.K. Moriarity, J.M. Langer, Safe use of contrast media: what the radiologist needs to know. RadioGraphics 35, 1738–1750 (2015). https://doi.org/10.1148/rg.2015150033
                        
Article 
    
                    Google Scholar 
                


Download references




Acknowledgments
The authors wish to thank Florian Miessmer for help with the synthesis of the carboxylated agarose.


Funding
VPS would like to thank the financial support from the Deutscher Akademischer Austauschdienst (DAAD)—German Academic Exchange Service (Grant No. 57319119) and the Excellence Initiative of The German Federal and State Governments (Grant No. EXC 294).


Author information
Authors and Affiliations
	Institute for Macromolecular Chemistry, University of Freiburg, Stefan-Meier Str. 31, 79104, Freiburg, Germany
Aurelien Forget, Markus Heiny & V. Prasad Shastri

	Institute for Experimental Architecture, University of Innsbruck, 6020, Innsbruck, Austria
Tiziano Derme

	Institute of Technology in Architecture, ETH, 8092, Zurich, Switzerland
Daniela Mitterberger

	Institute for Health and Biomedical Innovation, Queensland University of Technology, Brisbane, 4001, Australia
Caleb Sweeney, Likhith Mudili & Tim R. Dargaville


Authors	Aurelien ForgetView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tiziano DermeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Daniela MitterbergerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Markus HeinyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Caleb SweeneyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Likhith MudiliView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tim R. DargavilleView author publications
You can also search for this author in
                        PubMed Google Scholar



	V. Prasad ShastriView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding authors
Correspondence to
                Aurelien Forget or V. Prasad Shastri.


Ethics declarations

              
              
                Disclaimer

                The funders had no input in the study and the analysis of the data.

              
            

Electronic supplementary material

ESM 1
(DOCX 306 kb)





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Forget, A., Derme, T., Mitterberger, D. et al. Architecture-inspired paradigm for 3D bioprinting of vessel-like structures using extrudable carboxylated agarose hydrogels.
                    emergent mater. 2, 233–243 (2019). https://doi.org/10.1007/s42247-019-00045-5
Download citation
	Received: 03 June 2019

	Accepted: 10 July 2019

	Published: 01 August 2019

	Issue Date: 01 June 2019

	DOI: https://doi.org/10.1007/s42247-019-00045-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        









                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					54.196.91.83
				

				Not affiliated

			

		
	
	
		
			
		
	
	© 2024 Springer Nature




	






    