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Biofabrication	
   could	
   be	
   defined	
   as	
   the	
   micro-­‐manipulation	
   of	
   biological	
   elements	
   (cells,	
  
proteins,	
   biomaterials)	
   to	
   fabricate	
   two-­‐	
   or	
   tridimensional	
   structures	
   for	
   Tissue	
   Engineering	
  
applications:	
  these	
  applications	
  can	
  be	
  1/Cell	
  biology	
  studies;	
  2/	
  Fabrication	
  of	
  in	
  vitro	
  physiological	
  
models;	
  3/	
  Tissue	
  substitutes	
  for	
  regenerative	
  medicine.	
  The	
  tools	
  involved	
  are	
  mostly	
  3D	
  printers,	
  
which	
   are	
   based	
   on	
   different	
   technologies,	
   each	
   of	
   them	
   having	
   a	
   specific	
   range	
   of	
   volume	
   and	
  
rheology	
   available	
   for	
   printing.	
   Thus,	
   depending	
   on	
   the	
   application,	
   a	
   specific	
   technology	
  must	
   be	
  
chosen	
  (Figure	
  1).	
  	
  

During	
  my	
  PhD,	
  I	
  have	
  gained	
  an	
  expertise	
  in	
  Laser	
  Assisted	
  Bioprinting	
  (LAB)	
  for	
  Bone	
  Tissue	
  
Engineering	
   applications,	
   thanks	
   to	
   a	
   prototype	
   set-­‐up	
   developed	
   in	
   our	
   Lab	
   with	
   the	
   company	
  
Novalase	
   (Pessac).	
   This	
   printer	
   can	
  be	
   loaded	
  with	
  Bioinks	
  made	
  of	
   cells,	
   proteins	
   or	
   biomaterials	
  
(nano-­‐hydroxyapatite).	
  

More	
   recently,	
   we	
   have	
   developed	
   a	
   high-­‐resolution	
   Fused-­‐Deposition	
   Modeling	
   (FDM)	
  
printer,	
   in	
   collaboration	
   with	
   “TechnoShop”	
   (IUT	
   de	
   Bordeaux,	
   France).	
   This	
   printer	
   allows	
   the	
  
fabrication	
  of	
  scaffolds	
  using	
  medical	
  grade	
  polymers	
  with	
  a	
  resolution	
  of	
  25	
  µm.	
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Figure	
  1:	
  Conceptual	
  sequential	
  approach	
  for	
  3D	
  Bioprinting	
  in	
  Tissue	
  Engineering.	
  Murphy	
  &	
  Atala	
  Nat	
  Biotechnol	
  2014;32(8):773�85.	
  

	
  
Layer-­‐by-­‐Layer	
  BioAssembly	
  for	
  Bone	
  Tissue	
  Engineering	
  

One	
  of	
  the	
  main	
  limitations	
  for	
  clinical	
  applications	
  of	
  bone	
  tissue	
  engineering	
  is	
  related	
  to	
  the	
  
limited	
  penetration	
  of	
  blood	
  vessels	
  and	
  cells	
  inside	
  the	
  scaffolds,	
  which	
  leads	
  to	
  ischemic	
  conditions	
  
inside	
   the	
  material	
   (lack	
  of	
  oxygen	
  and	
  nutrients):	
   then,	
  newly-­‐formed	
  tissue	
   in	
   these	
  constructs	
   is	
  
not	
  efficient	
  and	
  most	
  of	
  the	
  cells	
  grafted	
  don’t	
  survive	
  after	
  implantation.	
  Thus,	
  we	
  propose	
  in	
  this	
  
project	
   to	
   perform	
   a	
   sequential	
   assembly	
   of	
   cellularized	
   membranes	
   in	
   3D	
   to	
   favor	
   the	
   survival,	
  
proliferation	
  and	
  differentiation	
  of	
  cells	
  after	
  3D	
  assembly.	
  

	
   	
   	
  
Figure	
  2:	
  Layer-­‐by-­‐Layer	
  Bio-­‐assembly:	
  Principle	
  (Left);	
  Cell	
  Proliferation	
  in	
  vitro	
  (middle)	
  and	
  in	
  vivo	
  (Right)	
  

We	
  are	
  now	
  using	
  FDM	
  to	
  print	
  thin	
  porous	
  polymer	
  membranes	
  that	
  we	
  seed	
  with	
  primary	
  
cells	
  prior	
  to	
  layer-­‐by-­‐layer	
  assembly.	
  We	
  have	
  shown	
  before	
  that	
  cell	
  proliferation	
  was	
  significantly	
  
increased	
  using	
  this	
  system	
  compared	
  to	
  the	
  more	
  conventional	
  approach	
  of	
  seeding	
  a	
  macroporous	
  
material	
  with	
  cells.	
  

	
  
Alveolar	
  Bone	
  Regeneration	
  for	
  Dental	
  Implant	
  Surgery	
  

Dental	
  implant	
  therapy	
  has	
  become	
  a	
  common	
  treatment	
  for	
  edentulous	
  patients.	
  However,	
  in	
  
several	
   clinical	
   situations,	
   alveolar	
   bone	
   volume	
   is	
   limited	
   and	
   a	
   bone	
   graft	
   is	
   required	
   prior	
   to	
  
implant	
   placement.	
   Autologous	
   bone	
   graft	
   is	
   the	
   reference	
   technique,	
   but	
   it	
   is	
   available	
   in	
   limited	
  
amounts	
   and	
   it	
   may	
   provoke	
   additional	
   morbidity.	
   Several	
   biomaterials	
   for	
   bone	
   substitution	
   are	
  
available,	
  but	
  they	
  don’t	
  possess	
  all	
  the	
  necessary	
  properties	
  for	
  complete	
  bone	
  regeneration,	
  as	
  they	
  
lack	
   osteoinductive	
   and	
   osteogenic	
   potential.	
   we	
   are	
   now	
  working	
   on	
   new	
   injectable	
   biomaterials	
  
that	
   could	
   favor	
   osteoinduction	
   and	
   we	
   perform	
   in	
   vitro	
   and	
   preclinical	
   experiments	
   with	
   these	
  
materials.	
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of tissues, for example, mimicking the branching patterns of the 
vascular tree or manufacturing physiologically accurate biomaterial 
types and gradients. For this approach to succeed, the replication of 
biological tissues on the microscale is necessary. Thus, an understand-
ing of the microenvironment, including the specific arrangement of 
functional and supporting cell types, gradients of soluble or insoluble 
factors, composition of the ECM as well as the nature of the biological 
forces in the microenvironment is needed. The development of this 
knowledge base will be important to the success of this approach and 
can be drawn from basic research in fields of engineering, imaging, 
biomaterials, cell biology, biophysics and medicine.

Autonomous self-assembly. Another approach to replicating biological 
tissues is to use embryonic organ development as a guide. The early cel-
lular components of a developing tissue produce their own ECM com-
ponents, appropriate cell signaling and autonomous organization and 
patterning to yield the desired biological micro-architecture and func-
tion16,17. A ‘scaffold-free’ version of this approach uses self-assembling  
cellular spheroids that undergo fusion and cellular organization to 
mimic developing tissues. Autonomous self-assembly relies on the cell 
as the primary driver of histogenesis, directing the composition, locali-
zation, functional and structural properties of the tissue18,19. It requires 
an intimate knowledge of the developmental mechanisms of embryonic 
tissue genesis and organogenesis as well as the ability to manipulate the 
environment to drive embryonic mechanisms in bioprinted tissues.

Mini-tissues. The concept of mini-tissues is relevant to both of the 
above strategies for 3D bioprinting. Organs and tissues comprise 

smaller, functional building blocks20,21 or mini-tissues. These can 
be defined as the smallest structural and functional component of a 
tissue, such as a kidney nephron. Mini-tissues can be fabricated and 
assembled into the larger construct by rational design, self-assembly 
or a combination of both. There are two major strategies: first, self-
assembling cell spheres (similar to mini-tissues) are assembled into a 
macro-tissue using biologically inspired design and organization20,21; 
second, accurate, high-resolution reproductions of a tissue unit are 
designed and then allowed to self-assemble into a functional macro-
tissue. Examples of these approaches include the self-assembly of 
vascular building blocks to form branched vascular networks22,23 
and the use of 3D bioprinting to accurately reproduce functional 
tissue units to create ‘organs-on-a-chip’, which are maintained and 
connected by a microfluidic network for use in the screening of 
drugs and vaccines or as in in vitro models of disease24–26.

Combinations of the above strategies are likely to be required to 
print a complex 3D biological structure with multiple functional, 
structural and mechanical components and properties. The main 
steps in the bioprinting process are imaging and design, choice of  
materials and cells, and printing of the tissue construct (Fig. 1).  
The printed construct is then transplanted, in some cases after a 
period of in vitro maturation, or is reserved for in vitro analysis.

Imaging and digital design
An essential requirement for reproducing the complex, heterogeneous 
architecture of functional tissues and organs is a comprehensive 
understanding of the composition and organization of their compo-
nents. Medical imaging technology is an indispensable tool used 
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Figure 1 A typical process for bioprinting 3D tissues. Imaging of the damaged tissue and its environment can be used to guide the design of  
bioprinted tissues. Biomimicry, tissue self-assembly and mini-tissue building blocks are design approaches used singly and in combination.  
The choice of materials and cell source is essential and specific to the tissue form and function. Common materials include synthetic or natural 
polymers and decellularized ECM. Cell sources may be allogeneic or autologous. These components have to integrate with bioprinting systems such  
as inkjet, microextrusion or laser-assisted printers. Some tissues may require a period of maturation in a bioreactor before transplantation.  
Alternatively the 3D tissue may be used for in vitro applications. Self-assembly image is reprinted from Mironov, V. et al. Organ printing: tissue 
spheroids as building blocks. Biomaterials 30, 2164–2174 (2014), with permission from Elsevier; mini-tissue image is reprinted from Norotte, C.  
et al. Scaffold-free vascular tissue engineering using bioprinting. Biomaterials 30, 5910–5917 (2009), with permission from Elsevier; the ECM image  
is adapted from ref. 132, with permission from Wiley; differentiated cells image is reprinted from Kajstura, J. et al. Evidence for human lung stem cells.  
N. Engl. J. Med. 364, 1795–1806 (2011), Massachusetts Medical Society, with permission from Massachusetts Medical Society; laser-assisted image 
is reprinted from Guillemot, F. et al. High-throughput laser printing of cells and biomaterials for tissue engineering, Acta Biomater. 6, 2494–2500 
(2010), with permission from Elsevier. 



	
  
Custom	
  Bone	
  Grafts	
  for	
  Oral	
  and	
  Maxillofacial	
  Surgery	
  
	
  

	
  
Figure	
   3:	
   Preparation	
   of	
   custom	
   part	
   by	
   FDM	
   for	
   bone	
   augmentation	
   in	
   a	
   human	
   mandible:	
   Upper	
   row:	
   modelization;	
   Middle	
   row:	
  
implantation	
  of	
  the	
  printed	
  custom	
  part	
  (left)	
  and	
  autologous	
  bone	
  graft	
  prepared	
  manually	
  (right);	
  Lower	
  row:	
  CT	
  scan	
  of	
  the	
  implanted	
  
parts	
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Conventional	
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  methods	
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   the	
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   the	
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   are	
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   adapted	
   then	
   some	
   related	
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  might	
  occur.	
  	
  

	
  
CAD-­‐CAM	
   technologies	
   may	
   be	
   used	
   to	
  

prepare	
   custom	
   bone	
   grafts,	
   starting	
   from	
   a	
  
DICOM	
  imaging	
  and	
  modelization	
  of	
  the	
  missing	
  
part.	
   Substractive	
   methods	
   (milling	
   machines	
  
for	
   allografts	
   /	
   xenografts	
   /	
   synthetic	
  
biomaterials)	
  or	
  additive	
  technologies	
  based	
  on	
  
3D	
   printing	
   set-­‐ups	
   can	
   be	
   used	
   to	
   prepare	
  
these	
  materials	
  (Figure	
  3).	
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