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Regenerative Medicine:  
A brief overview of key concepts 

Matthias Lutolf, Institute of Bioengineering, EPFL 



http://regeneration.bio.uci.edu/content.html 

http://regeneration.bio.uci.edu/content.html 

‘Optimal and sub-optimal regenerators’ 
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Cells outperform devices! 
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Wikipedia 

Tissue Engineering v1.0 



WO 1988003785 A1  
Chimeric neomorphogenesis of organs by controlled 
cellular implantation using artificial matrices 
Filed 20 Nov 1987 

Cao, Y.; Vacanti, J. P.; Paige, K. T.; Upton, J.; Vacanti, C. A. (1997). "Transplantation of 
chondrocytes utilizing a polymer-cell construct to produce tissue-engineered cartilage in the 
shape of a human ear". Plastic and reconstructive surgery 100 (2): 297–302 



The scaffolds: not quite like native extracellular matrix… 



  
 

        * very complicated & expensive 
        * scaffold degradation products cause inflammation & necrosis 
 



Nature News & Comments, 2013 



 
 

* Still complicated & expensive 
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In situ tissue engineering: smart drug delivery 

 

!  In situ formation of bioactive matrix 

!  Attraction of regeneration-competent  
cells (stem/progenitor cells) 

!  Cell infiltration 

!  Controlled matrix degradation/
remodeling 

!  Progenitor cell differentiation into 
tissue-specific cells; tissue regeneration 

Stimulating self-repair 

Hubbell Lab, ETH Zurich, 90‘s + 



Tunable hydrogel as a model for mimicking 
stem cell niche 



Fibrin: Nature’s regeneration matrix 

 

A temporary viscoelastic gel as 
scaffold for invading cells that 
 
 

"  forms in situ 
"  is cell-adhesive 
"  is proteolytically degradable   
(mainly via matrix metalloprot.) 
"  stores and releases  
  protein growth factors 

fibrin 
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‘Synthetic fibrin’ for localized morphogen delivery 
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A: Poly(ethylene glycol) 
 

-  hydrophilic, „biocompatible“ (inert) 
-  cross-linker (functionality > 2) 
-  structural properties 

SH!

  C adhesion ligand 

B: Oligopeptides 
 

-  „biological information“ 
- cell-responsiveness 
   (protease sensitivity)!

   C protease substrate C!

SH! SH!

e.g. Cys-RGDSP 

e.g. Cys-GPQG↓IWGQ-Cys 

 

 

P

 

E

 

G

 

P

 

E

 

G

 

O

 

O

 

O

 

O

 

P

 

E

 

G

 

O

 

P

 

E

 

G

 

O

 

S

 

O

 

O

 

O

 

S

 

O

 

O

 

O

 

S

 

O

 

O

 

O

 

S

 

O

 

O

 

≈ 95%  H2O 
37° C 
pH 7.4 

vinylsulfone 
endgroup PEG: 



Hydrophilic multiarm 
polymer!

Protease substrate  

Adhesion ligand or  
other bioacitve 
peptide 

Controlled GF 
delivery scheme 

Schematic of synthetic hydrogels mimicking the 
biological key functions of native ECMs 



3D cell migration within synthetic ECMs can be 
controlled  by tuning gel degradation kinetics (via kcat) 

E.g.: Single mesenchymal progenitor cells embedded in gels bearing 
cell-adhesive and matrix metalloprotease-sensitive building blocks 

!!!GCRD- GPQG IWGQ -DRCG"
Fast degradable 

GCRD- GPQG IAGQ -DRCG"

Natural sequence 

GCRD- GDQGIAGF -DRCG"

NON-degradable 



Endogenous (stem/progenitor) cell invasion and bone 
regeneration upon gel remodeling after 3 weeks 

Rat cranium, 5 µg rhBMP-2 

 21d  21d 

no implant 

intact gel 
matrix 

mineralized 
matrix 



Complete gel remodeling and regeneration after 5 weeks 

A 

B 

C 

D 

PEG gel 
MMP-sensitive 
no BMP 

PEG gel 
MMP-insensitive 
with BMP 

PEG gel 
MMP-sensitive 
with BMP 

Collagen sponge 
with BMP 

X-ray Histology: toluidine blue O, Goldner Trichrome higher magn. 

Cross-section through middle 

Lutolf et al, Nature Biotechnology, 2003 

  
 

* limited to some tissues and relatively small defects 
 
 



By and large, ‘classical’ tissue engineering 
strategies have not fulfilled the huge 

expectations (scientifically and economically) 

The paradigm shift: 
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Sato et al, Nature, 2009 





Yoshiki Sasai, Nature, 2013 

3D ESC aggregate  
encapsulated 
in MatrigelTM 

Tissue formation by pluripotent stem cell self-organization 



A human brain in a dish…?! 



What is the relevance? 



Organoid-based therapy 



Drug discovery 



Induced pluripotent stem (iPS) cells 

http://www.nobelprize.org/nobel_prizes/medicine/laureates/2012/popular-medicineprize2012.pdf 

Oct4 
Sox2 
Klf4 
c-Myc 

Somatic cells 
(e.g. fibroblasts) 
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Bioengineering challenges 
 
 
1.  3D matrix engineering to optimize stem cell-based 

organogenesis 
 
2.  Patterning organ formation  

3.  Organ-on-a-chip => probing function 



3D culture: more sophisticated, but undefined 

Poincloux R et al. J Cell Sci 2009;122:3015-3024 

  

  Limitations: 
 

        * Fixed composition => cell-, tissue- and cell fate-specificity?  
        * Batch-to-batch variability => reproducibility?   
        * Poor handling properties => automation? miniaturization? 
        * Animal ECM-derived => clinical relevance? 
 



High throughput screening of defined  
3D microenvironments 



Gjorevski et al., Development, 2014 



 ‘Photocaged’ hydrogel matrices: 
 Light-controlled localized patterning of biomolecules 

Kolb and Mosiewicz et al., Nature Materials, 2013 



Virtually any pattern and any signal possible 





Huh et al, Nat Protoc, 2013 



Gjorevski et al., Development, 2014 
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Jordan Miller, Chris Chen, Sangeeta Bhatia 





Not quite there yet… 



Questions? 


