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he	
   research	
   work	
   of	
   this	
   thesis	
   can	
   be	
   divided	
   in	
   two	
   main	
   parts	
   both	
  

related	
  to	
  the	
  development	
  and	
  functionalization	
  of	
  polymeric	
  materials	
  for	
  

advanced	
  human	
  health	
  applications.	
  One	
  deals	
  with	
  stem	
  cells	
  based	
  therapies	
  

for	
  tissue	
  engineering	
  applications	
  whereas	
  the	
  other	
  deals	
  with	
  the	
  development	
  

of	
  patterned	
   functional	
  biomaterial	
  surfaces	
   for	
  rare	
  cells	
  capture	
  and	
   isolation.	
  

The	
  goal	
  of	
  tissue	
  engineering	
  is	
  to	
  replace	
  or	
  to	
  repair	
  a	
  damaged	
  tissue	
  or	
  organ	
  

with	
  artificial	
  tissue	
  made	
  by	
  seeding	
  living	
  autologous	
  “organ	
  specific”	
  cells	
  on	
  a	
  

biomaterial	
   acting	
   as	
   an	
   extra-­‐cellular	
  matrix	
   (ECM)	
   and	
   culturing	
   them	
   giving	
  

proper	
  cues	
  until	
  maturation	
  in	
  a	
  functional	
  tissue	
  ready	
  to	
  be	
  transplanted.	
  One	
  

promising	
  strategy	
  consists	
  in	
  addressing	
  stem	
  cells	
  fate	
  by	
  fine-­‐regulating	
  their	
  

interaction	
  within	
  artificial	
  microenvironments,	
  “synthetic	
  niches”	
  engineered	
  to	
  

mimic	
   individual	
   biochemical	
   (e.g.	
   delivery	
   of	
   soluble	
   factors)	
   and	
   biophysical	
  

factors	
  (e.g.	
   substrate	
  stiffness).	
  To	
   this	
  end,	
   the	
   first	
  part/objective	
  of	
   this	
  PhD	
  

project	
   aimed	
   to	
   independently	
   investigate	
   the	
   specific	
   role	
   that	
   niches	
   physic-­‐

mechanical	
  properties,	
   in	
   terms	
  of	
  scaffold	
  geometry	
  and	
  surface	
  stiffness,	
  have	
  

on	
   SCs	
   response	
   and	
   to	
   study	
   the	
   possibility	
   to	
   fine	
   tune	
   cell/material	
  

interactions.	
   3D	
   freestanding	
   niches	
   with	
   suitable	
   geometry/features	
   were	
  

fabricated	
   by	
   two-­‐photon	
   polymerization	
   (2PP).	
   Different	
   immobilization	
  

strategy	
  were	
   explored	
   to	
   further	
   functionalized	
  2PP	
  niches	
  with	
   thin	
   layers	
  of	
  

biomimetic	
   hyaluronan-­‐	
   and	
   gelatin-­‐based	
  hydrogels,	
  which	
  were	
   developed	
   to	
  

have	
  tailored	
  stiffness	
  encompassing	
  the	
  range	
  of	
  physiological	
  values.	
  Hydrogels	
  

mechanical	
   properties	
  were	
   evaluated	
   validating	
   a	
   reliable	
  methodology	
   based	
  

on	
   three	
   independent	
  experimental	
   techniques.	
  Rheological	
   results	
  obtained	
  on	
  

macroscopic	
  samples	
  were	
  successively	
  benchmarked	
  with	
  swelling	
  experiments	
  

following	
   Flory-­‐Rehner	
   theory	
   and	
   by	
   Atomic	
   Force	
   Microscopy	
   (AFM)	
  

nanoindentation,	
  more	
  suitable	
  techniques	
  for	
  the	
  characterization	
  of	
  small-­‐scale	
  

hydrogel	
  samples	
  as	
  those	
  grafted	
  onto	
  niches.	
  Finally,	
  biological	
  validation	
  tests	
  

assessed	
  the	
  biocompatibility	
  of	
  all	
  the	
  coatings	
  with	
  enhanced	
  cell	
  proliferation	
  

with	
   respect	
   to	
   uncoated	
   niches.	
   However,	
   commitment	
   towards	
   the	
   osteo-­‐

chondral	
   lineage	
   together	
  with	
   a	
   stronger	
  metabolic	
   activity	
  was	
   observed	
   just	
  

for	
  gelatin-­‐coated	
  niches	
  compared	
  to	
  hyaluronan-­‐coated	
  ones.	
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The	
   second	
   objective	
   of	
   the	
   research	
   was	
   the	
   design	
   and	
   realization	
   of	
   target	
  

baits	
  arrays	
  for	
  physically	
  isolate	
  rare	
  cells	
  from	
  a	
  heterogeneous	
  population.	
  The	
  

main	
  advantage	
  is	
  the	
  selective	
  analysis	
  of	
  individual	
  cellular	
  processes	
  instead	
  of	
  

analyzing	
  the	
  behavior	
  of	
  a	
  whole	
  cell	
  population,	
  as	
  for	
  conventional	
  cell-­‐based	
  

assays.	
   A	
   fundamental	
   issue	
   was	
   the	
   selection	
   of	
   the	
   substrate	
   material	
   that	
  

deeply	
   affects	
   the	
   final	
   performance	
   of	
   the	
   array.	
   Best	
   performing	
   materials	
  

should	
   avoid	
   non-­‐specific	
   cells	
   binding,	
   thus	
   perfluoropolyethers	
   (PFPEs)	
  were	
  

considered	
   due	
   to	
   their	
   wide	
   range	
   of	
   properties	
   including	
   very	
   low	
   surface	
  

tension,	
  which	
  enhances	
  PFPEs	
  anti-­‐fouling/fouling	
  release	
  properties.	
  Different	
  

photocurable	
   PFPEs	
   were	
   compared	
   and	
   deeply	
   characterized	
   in	
   terms	
   of	
  

crosslinking	
   kinetics,	
   surface	
   properties,	
   transition	
   temperatures	
   and	
   anti-­‐

fouling/fouling	
   release	
   characteristics	
   to	
   understand	
   the	
   relationship	
   between	
  

structure	
   and	
   properties.	
   	
   A	
   blend	
   consisting	
   of	
   two	
   PFPE-­‐dimethacrylathes	
  

(PFPE-­‐DMAs,	
   1:1)	
   with	
   different	
   molecular	
   weights	
   was	
   selected	
   as	
   the	
   most	
  

valuable	
   candidate	
   for	
   the	
   discussed	
   application.	
  Derivatives	
   of	
   hyaluronic	
   acid	
  

(HA)	
  and	
  heparin	
  were	
   immobilized	
  as	
   target	
  baits	
   for	
  capture	
  cancer	
  cells	
  and	
  

malaria-­‐infected	
  red	
  blood	
  cells	
  respectively.	
  To	
  this	
  end,	
  photo-­‐lithography	
  and	
  

soft-­‐lithography	
   were	
   developed	
   and	
   optimized	
   as	
   technologies	
   to	
   selectively	
  

functionalize	
   PFPEs	
   surfaces	
   following	
   different	
   strategies/chemistries.	
  

Particularly,	
   free	
  radical	
  polymerization	
  was	
  exploited	
  for	
  glycidyl	
  methacrylate	
  
modified	
   HA	
   grafting	
   onto	
   partially	
   cross-­‐linked	
   PFPE	
   surfaces	
   by	
   photo-­‐

lithography.	
   Finally,	
   biomolecular	
   recognition	
   and	
   strong	
   specificity	
   between	
  

avidin	
  and	
  other	
  biotin-­‐binding	
  proteins	
  was	
  used	
  for	
  biotinylated-­‐derivatives.	
  A	
  

photo-­‐activable	
  biotin	
  was	
  preprinted	
  by	
  μ–contact	
  printing	
  and	
  UV-­‐grafted	
  onto	
  

partially	
  cured	
  PFPE	
  substrate,	
  then	
  the	
  two	
  derivatives	
  were	
  immobilized	
  using	
  

avidin	
  as	
  intermediate	
  linker.	
  Cellular	
  tests	
  were	
  performed	
  with	
  cancer	
  cells	
  and	
  

malaria-­‐infected	
   red	
   blood	
   cells	
   to	
   assess	
   the	
   capability	
   of	
   patterned	
   PFPEs	
  

surfaces	
  in	
  capturing	
  individual	
  population	
  cells.	
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1.1 General	
  introduction	
  
	
  

In	
   the	
   last	
   decades	
   the	
   field	
   of	
   regenerative	
   medicine	
   has	
   developed	
   different	
  

strategies	
  trying	
  to	
  satisfy	
  the	
  need	
  for	
  organs	
  and	
  tissues	
  deriving	
  from	
  injuries,	
  

lesions	
   or	
   ageing	
   which	
   represent	
   one	
   of	
   the	
   most	
   costly	
   problems	
   of	
   human	
  

health	
   care.	
   It	
   is	
   estimated	
   that	
   almost	
   one	
   third	
  of	
   the	
   tissue	
   graft	
   procedures	
  

performed	
   worldwide	
   involves	
   bone	
   cartilage	
   and	
   osteo-­‐chondral	
   tissue.	
   The	
  

current	
   gold	
   standard	
   for	
   osteo-­‐chondral	
   tissue	
   graft	
   is	
   autologous	
   graft,	
   or	
  

autograft,	
  where	
  tissue	
  functionality	
  is	
  restored	
  using	
  biological	
  material	
  from	
  a	
  

healthy	
   site	
   to	
   the	
   diseased	
   site	
   in	
   the	
   injured	
   patients.	
   However,	
   this	
   is	
  

responsible	
   for	
   donor-­‐site	
   irreversible	
   damage	
   together	
   with	
   longer	
   patient’s	
  

hospital	
  stay.	
  Moreover	
  there	
  could	
  be	
  limited	
  supply	
  of	
  tissue	
  to	
  be	
  transplanted.	
  

As	
  alternative,	
   lots	
  of	
  patients	
   choose	
   the	
   transplant	
  of	
  an	
  organ	
  or	
   tissue	
   from	
  

one	
  individual	
  of	
  the	
  same	
  species	
  known	
  as	
  allogenic	
  graft	
  or	
  allograft.	
  There	
  is	
  

no	
  a	
  second	
  surgical	
  site	
  to	
  be	
  healed,	
  but	
  the	
  real	
  risk	
  for	
  disease	
  transmission	
  

and	
   immune	
   rejection	
   make	
   it	
   necessary	
   of	
   life-­‐long	
   immunosuppression	
  

therapies.	
  Moreover,	
   there	
   is	
   an	
  ever-­‐growing	
   supply	
  and	
  demand	
  mismatch	
  of	
  

organs	
   and	
   tissues	
   and	
   the	
   number	
   of	
   patients	
   registered	
   on	
   deceased	
   donor	
  

transplants	
  waiting	
  lists.	
  This	
  because	
  transplantation	
  is	
  restricted	
  by	
  the	
  donor	
  

shortage,	
   as	
   data	
   report	
   fewer	
   than	
   11,000	
   donors	
   (cadaveric	
   and	
   living)	
  

available	
   annually	
   for	
   more	
   than	
   70,000	
   patients	
   awaiting	
   organ	
  

transplantation1–3.	
   Donor	
   shortages	
   increase	
   every	
   year,	
   and	
  many	
  patients	
   die	
  

while	
  waiting	
  for	
  needed	
  organs.	
  The	
  mismatch	
  could	
  be	
  filled	
  exploiting	
  animals	
  

as	
  donor	
  graft,	
  as	
   in	
  the	
  case	
  of	
  xenograft,	
  or	
  exploiting	
  artificial	
  organs	
  such	
  as	
  

joint	
   prosthesis	
   or	
   dialysis	
   machine.	
   However,	
   immunologic	
   hurdles	
   limit	
  

xenograft	
   organs4,5,	
   which	
   are	
   derived	
   from	
   porcine	
   sources,	
   whereas	
   artificial	
  

organs	
   and	
  mechanical	
   devices	
   cannot	
   perform	
   all	
   of	
   the	
   functions	
   of	
   a	
   single	
  

organ	
  and	
   therefore	
  provide	
  only	
   temporary	
  benefit.	
  Major	
  complications	
  using	
  

non-­‐biological	
   materials	
   include	
   infection,	
   lack	
   of	
   biocompatibility	
   and	
   limited	
  

material	
  durability.	
  In	
  this	
  scenario,	
  a	
  significant	
  worldwide	
  effort	
  involving	
  new	
  

strategies	
   and	
   research	
   area	
   is	
   being	
   currently	
   directed	
   towards	
   the	
   growth	
   in	
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vitro	
   of	
   replacement	
   autologous	
   tissue	
   readily	
   available	
   for	
   transplantation	
   in	
  

regenerative	
  medicine.	
  

	
  
Figure	
  1.	
  UNOS	
  organ	
  transplant	
  statistics	
  for	
  January	
  1995	
  to	
  May	
  2014	
  documenting	
  the	
  
wait-­‐listed	
  patients	
  and	
  transplants. 
As	
  a	
  matter	
  of	
  fact,	
  4	
  billions	
  of	
  euro	
  have	
  been	
  invested	
  worldwide	
  in	
  research	
  

and	
  development	
  pertaining	
   the	
   interdisciplinary	
   field	
  of	
   tissue	
  engineering,	
   an	
  

area	
  of	
  scientific	
  and	
  technological	
  progress	
  applying	
  the	
  principles	
  and	
  methods	
  

of	
   engineering	
   and	
   life	
   science6	
   to	
   revolutionize	
   methods	
   of	
   treatment	
   and	
   to	
  

increase	
   the	
   pool	
   of	
   available	
   tissues	
   and	
   organs	
   for	
   transplantation	
   thus	
  

drastically	
   improving	
   the	
   quality	
   of	
   life	
   of	
   millions	
   of	
   patients	
   throughout	
   the	
  

world.	
  

The	
  goal	
  of	
  tissue	
  engineering	
  is	
  to	
  fabricate	
  living	
  replacement	
  part	
  of	
  the	
  body	
  

with	
   an	
   artificial	
   organ	
   or	
   tissue,	
   made	
   by	
   seeding	
   living	
   autologous	
   “organ	
  

specific”	
   cells	
   on	
   a	
   scaffold,	
   a	
   biocompatible	
   synthetic	
   or	
   natural	
   degradable	
  

three-­‐dimensional	
  matrix.	
  These	
  scaffolds	
  are	
  porous	
  structures	
  where	
  cells	
  are	
  

seeded	
  and	
  spatially	
  arranged	
  into	
  a	
  three-­‐dimensional	
  architecture.	
  

	
  
Figure	
  2.	
  Graphic	
  illustration	
  of	
  scaffold-­‐based	
  tissue	
  engineering.	
  Living	
  cells	
  are	
  seeded	
  onto	
  
a	
  3D	
  synthetic	
  matrix	
  which	
  is	
  engineered	
  to	
  present	
  specific	
  physicochemical	
  properties.	
  

In	
   tissue	
   engineering,	
   these	
   3D-­‐structures	
   initially	
   perform	
   the	
   function	
   of	
   the	
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extracellular	
   matrix	
   (ECM)	
   and	
   hence	
   are	
   engineered	
   to	
   provide	
   a	
   bioactive	
  

microenvironment	
   that	
   guides	
   tissue	
  development	
   and	
   that	
  promote	
   stem	
  cells	
  

differentiation	
  into	
  mature	
  cells	
  tissue	
  through	
  their	
  physicochemical	
  properties.	
  

The	
  scaffold	
  should	
  provide	
   temporary	
  structural	
  support,	
   followed	
  by	
  possible	
  

degradation,	
  during	
  the	
  deposition	
  of	
  ECM	
  by	
  cells.	
  Finally,	
  cells	
  are	
  arranged	
  in	
  

vitro	
   into	
   a	
   three-­‐dimensional	
   architecture	
   and	
   the	
   construct	
   is	
   cultured	
   until	
  

maturation	
   into	
   a	
   functional	
   tissue,	
   designed	
   and	
   fabricated	
   to	
   meet	
   the	
  

individual	
   defects,	
   and	
   ready	
   to	
   be	
   transplanted	
   into	
   the	
   patient.	
   These	
  

laboratory-­‐engineered	
   tissues,	
   as	
   an	
   alternative	
   to	
   autologous	
   transplant,	
  

allograft,	
   xenograft	
   and	
   prosthesis,	
   will	
   provide	
   a	
   perspective	
   of	
   transplant	
   of	
  

functional	
   tissue	
   without	
   risk	
   of	
   immune	
   rejection	
   as	
   the	
   biological	
   material	
  

transplanted	
  is	
  of	
  autologous	
  origin.	
  	
  

	
  

	
  
Figure	
  3.	
  Basic	
  principle	
  of	
  Tissue	
  Engineering.	
  Autologous	
  cells	
   from	
  biopsy	
  are	
  expanded	
   in	
  
vitro	
   in	
  2D	
  culture	
  and	
  subsequently	
  seeded	
  onto	
  an	
  engineered	
  scaffold	
  proper	
  stimuli.	
  The	
  
construct	
  is	
  cultured	
  until	
  maturation	
  into	
  a	
  functional	
  tissue	
  ready	
  to	
  be	
  transplanted	
  into	
  the	
  
patient.	
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1.2 Stem	
  cells-­‐based	
  therapies	
  
	
  
1.2.1 Cell	
  source	
  

 

Stem	
  cells	
  are	
  of	
  great	
  interest	
  as	
  autologous	
  source	
  for	
  cell	
  therapies	
  and	
  tissue	
  

engineering	
   applications7	
   due	
   to	
   their	
   dual	
   ability	
   to	
   self-­‐renew	
   reproducing	
  

themselves	
   leading	
   to	
   at	
   least	
  one	
  daughter	
   cell	
   equivalent	
   to	
   the	
  mother	
   (self-­‐

renewal),	
   and	
   to	
   differentiate	
   into	
   variety	
   of	
   different	
   lineages,	
   thus	
   ensuring	
  

support	
  and	
  regeneration	
  of	
  tissues.	
  Depending	
  on	
  the	
  site	
  they	
  are	
  isolated	
  from,	
  

SCs	
   may	
   be	
   embryonic	
   (ESCs),	
   fetal	
   (FSCs),	
   and	
   adult8,9.	
   ESCs	
   are	
   generally	
  

isolated	
   from	
   the	
   inner	
   cell	
  masses	
   of	
   blastocysts,	
  which	
   consist	
   of	
   pluripotent	
  

cell	
  populations	
  and	
  are	
  able	
  to	
  generate	
  one	
  of	
  the	
  three	
  germ	
  layers,	
  endoderm,	
  

ectoderm	
  and	
  mesoderm,	
   thus	
  potentially	
  providing	
   the	
  biomedical	
   community	
  

with	
  a	
  continuous	
  source	
  of	
  all	
  cell	
  types10,11.	
  However,	
  several	
  studies	
  revealed	
  

the	
   effort	
   requested	
  when	
  working	
  with	
   large	
  number	
  of	
  ESCs	
   and	
  particularly	
  

when	
   developing	
   a	
   reliable	
   methodology	
   to	
   direct	
   them	
   to	
   differentiate	
   into	
  

specific	
   cell	
   types12.	
   Moreover,	
   if	
   ESCs	
   are	
   injected	
   in	
   vivo	
   when	
   still	
  

undifferentiated,	
   they	
   might	
   give	
   rise	
   to	
   tetarocarcinoma,	
   a	
   type	
   of	
   tumor	
  

composed	
  of	
  cells	
  derived	
  from	
  the	
  three	
  germ-­‐like	
  structures13,14.	
  	
  

To	
   avoid	
   tumor	
   formation	
   in	
   vivo,	
   multipotent	
   fetal	
   stem	
   cells	
   (FSCs)	
   derived	
  

from	
  the	
  umbilical	
  cord	
  blood,	
  could	
  be	
  exploited.	
  They	
  still	
  have	
  high	
  plasticity	
  

but	
   are	
   generally	
   less	
   pluripotent	
   than	
  ESCs	
   giving	
   rise	
   to	
   a	
   limited	
   number	
   of	
  

progenitor	
  types15–17.	
  Finally,	
  recent	
  studies	
  revealed	
  that	
  most	
  adult	
  tissues18–22	
  

localized	
   adult	
   stem	
   cells,	
   which	
   are	
   still	
   multipotent	
   but	
   their	
   differentiation	
  

potential	
   is	
   restricted	
   to	
   the	
   tissues	
   they	
   are	
   derived	
   from8,9.	
   While	
   ESCs	
   are	
  

essential	
   during	
   the	
   embryological	
   development	
   for	
   the	
   generation	
   of	
   diverse	
  

tissues,	
   adult	
   SCs	
   play	
   an	
   active	
   role	
   throughout	
   life	
   for	
   tissue	
   homeostasis	
   by	
  

replenishing	
   the	
   cells	
   that	
   repopulate	
   the	
   tissues/organs	
   and	
   regenerating	
  

damaged	
  tissues	
  during	
  injuries23.	
  SCs	
  can	
  retain	
  this	
  unique	
  function	
  only	
  when	
  

residing	
   within	
   specific	
   anatomic	
   locations,	
   known	
   as	
   stem	
   cells	
   niches,	
   which	
  

have	
  a	
  deep	
  impact	
  on	
  balancing	
  SCs	
  functions	
  and	
  addressing	
  their	
  fate24,25.	
  SCs	
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niches	
  are	
  composed	
  by	
  supporting	
  cells,	
  three	
  dimensional	
  extra-­‐cellular	
  matrix	
  

(ECM)	
  and	
  cascades	
  of	
  molecular	
  and	
  physical	
  signals	
  such	
  as	
  hormones,	
  growth	
  

factors	
  cytokines	
  and	
  secreted	
  proteins	
  from	
  neighboring	
  cells	
  and	
  tissues.	
  Thus,	
  

three	
  different	
   types	
  of	
   interactions	
  could	
  be	
   identified	
  within	
  a	
  niche:	
   cell-­‐cell,	
  

cell-­‐ECM	
   and	
   cell-­‐biochemical	
   factors.	
   Cell-­‐cell	
   interactions	
   occur	
   between	
   SCs	
  

and	
   supporting	
   cells	
   through	
   adhesive	
   cadherin	
   protein	
   junctions26.	
   These	
  

adhesive	
   interactions	
  help	
   anchoring	
   the	
   SCs	
   to	
   their	
   niche	
   and	
   localizing	
   their	
  

position	
   in	
   close	
   proximity	
   to	
   self-­‐renewal	
   signals.	
   Adhesion	
   proteins,	
   such	
   as	
  

integrins,	
   are	
   involved	
   even	
   in	
   the	
   intimate	
   contact	
   between	
   the	
   SCs	
   and	
   the	
  

ECM27,28,	
   a	
   protein-­‐	
   and	
   sugar-­‐rich	
   cross-­‐linked	
   network	
   mainly	
   composed	
   of	
  

structural	
   (i.e.	
   collagen,	
   fibronectin	
   and	
   laminin)	
   and	
   specialized	
   (small	
  

matricellular	
   proteins,	
   growth	
   factors)	
   proteins	
   as	
   well	
   as	
   glycosaminoglycans	
  

and	
   proteoglycans.	
   In	
   response	
   to	
   protein	
   chemical	
   signals	
   and	
   biochemical	
  

factors	
   transmitted	
   by	
   ECM,	
   SCs	
   constantly	
   reshape	
   and	
   remodel	
   the	
   ECM	
   by	
  

degrading	
  and	
  reassembling	
  it.	
  This	
  remodeling	
  phenomenon	
  has	
  a	
  dual	
  purpose:	
  

maintaining	
   the	
   tissue	
   homeostasis,	
   and	
   repairing	
   the	
   tissue	
   in	
   response	
   to	
  

infectious	
  agents	
  and	
  in	
  case	
  of	
  injury	
  or	
  loss	
  of	
  tissue29.	
  Finally,	
  the	
  interplay	
  of	
  

this	
  complex	
  ensemble	
  of	
  interactions	
  is	
  the	
  main	
  force	
  driving	
  the	
  SCs	
  behavior	
  

and	
  understanding	
  the	
  role	
  of	
  each	
  chemical,	
  mechanical	
  and	
  physical	
  cue	
  is	
  the	
  

starting	
  point	
  for	
  manipulating	
  SCs	
  and	
  tackling	
  their	
  differentiation	
  for	
  in	
  vitro	
  

and	
  clinical	
  applications.	
  	
  

For	
   instance,	
   successful	
   formulation	
   of	
   regenerative	
  medicine	
   strategies	
  would	
  

have	
   a	
   great	
   impact	
   in	
   the	
   field	
   of	
   osteo-­‐chondral/bone	
   tissue	
   engineering,	
  

constituting	
  about	
  one	
  third	
  of	
  the	
  tissue	
  graft	
  procedures	
  performed	
  worldwide.	
  

Bone-­‐forming	
  cells	
  (osteoblasts)	
  could	
  not	
  be	
  employed	
  as	
  autologous	
  cell	
  source	
  

because	
  of	
  their	
  inability	
  to	
  proliferate	
  in	
  vitro.	
  Therefore	
  alternative	
  autologous	
  

sources	
   are	
   needed	
   and	
   adult	
   bone	
   marrow-­‐derived	
   mesenchymal	
   stem	
   cells	
  

(MSCs)	
  are	
   the	
  cell	
  source	
  deeply	
   investigated	
   for	
   the	
  regeneration	
  of	
  muskulo-­‐

skeletal	
  tissue.	
  MSCs	
  are	
  multipotent	
  progenitor	
  cells	
  noted	
  for	
  their	
  potential	
  to	
  

differentiate	
   into	
  a	
  variety	
  of	
  anchorage-­‐dependent	
  cell	
   types,	
   including	
  skeletal	
  

connective	
   tissues	
   osteoblasts,	
   chondrocytes,	
   bone	
   marrow	
   adipocytes	
   and	
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hematopoiesis-­‐	
  supportive	
  stromal	
  cells30,31.	
  	
  

	
  

	
  
Figure	
  4.	
  Scheme	
  showing	
  the	
  tissues/organs	
  constituting	
  the	
  potent	
  targets	
  for	
  tissue	
  
regeneration	
  by	
  stem	
  cell-­‐based	
  therapies.	
  

	
  
1.2.2 3D	
  niches/ECM	
  engineering	
  

	
  
To	
  date,	
  existing	
  knowledge	
  on	
  SCs	
  behavior	
  derives	
  from	
  two-­‐dimensional	
  (2D)	
  

cell-­‐cultures	
   performed	
  on	
   flat	
   surfaces.	
  Moreover,	
   traditional	
   therapies	
  mostly	
  

involve	
   SCs	
   manipulation	
   and	
   control	
   of	
   differentiation	
   employing	
   cocktails	
   of	
  

various	
  growth	
  factors8,32.	
  Although	
  2D	
  platforms	
  enable	
  a	
  simplified	
  approach	
  to	
  

deconstructing	
   the	
  niche	
   and	
   identifying	
   and	
   assessing	
   the	
   effects	
   of	
   individual	
  

niche	
  components	
  on	
  SCs	
  fate,	
  these	
  culture	
  conditions	
  are	
  really	
  far	
  from	
  the	
  3D	
  

physiological	
  conditions	
  experienced	
  by	
  the	
  majority	
  of	
  the	
  cells	
  in	
  the	
  body24,33.	
  

Many	
  researchers	
  have	
  demonstrated	
  that	
  the	
  properties	
  of	
  the	
  cells	
  and	
  of	
  their	
  

ECM	
   in	
   a	
   2D	
   culture	
   differ	
   substantially	
   from	
   those	
   of	
   cells	
   grown	
   in	
   a	
   3D	
  

microenvironment34,	
   thus	
   inspiring	
   the	
   recent	
   transition	
   from	
   2D	
   to	
   3D	
   cell-­‐

culture	
   techniques	
   aiming	
   to	
   recapitulate	
   in	
   vivo	
   biology.	
   In	
   tissue	
   engineering	
  



	
  

	
  

	
  
POLYMERIC	
  MATERIALS	
  FOR	
  ADVANCED	
  HUMAN	
  HEALTH	
  APPLICATIONS	
  

	
  
	
   	
  

8	
  

the	
  function	
  of	
  the	
  ECM	
  is initially	
  performed	
  by	
  the	
  scaffold	
  that	
  should	
  provide	
  

temporary	
   structural	
   support,	
   followed	
   by	
   possible	
   degradation,	
   during	
   the	
  

deposition	
   of	
   ECM	
   by	
   cells35.	
   Moreover,	
   the	
   scaffolds	
   should	
   be	
   designed	
   to	
  

incorporate	
   the	
   physiological	
   cues	
   of	
   the	
   SCs	
   niches	
   in	
   order	
   to	
   direct	
   and	
  

enhance	
  cell	
  function	
  and	
  differentiation	
  through	
  proper	
  interactions10,36.	
  	
  

There	
   is	
   an	
   increasing	
   awareness	
   of	
   the	
   importance	
   of	
   the	
   biophysical	
   and	
  

mechanical	
   properties	
   of	
   the	
   synthetic	
   microenvironments	
   that	
   cells	
   “sense”,	
  

especially	
   for	
   anchorage-­‐dependent	
   cells	
   whose	
   adhesive	
   integrins	
   bind	
   to	
  

specific	
   motifs	
   within	
   ECM	
   proteins	
   thus	
   triggering	
   intracellular	
   signaling	
  

pathways	
  involved	
  in	
  determining	
  cell	
  fate30.	
  	
  

First,	
  the	
  biophysical	
  characteristics	
  of	
  the	
  scaffold	
  should	
  be	
  considered	
  in	
  terms	
  

of	
  architectural	
  properties	
  and	
  spatial	
  arrangement.	
  Because	
  3D	
   in	
  vitro	
  models	
  

are	
  not	
   connected	
   to	
   the	
  blood	
  stream,	
   scaffolds	
  with	
   suitable	
  microgeometries	
  

and	
  with	
  interconnected	
  porosity	
  of	
  appropriate	
  scale	
  are	
  necessary	
  for	
  cellular	
  

migration	
   within	
   the	
   construct	
   and	
   for	
   their	
   oxygenation,	
   nutrition	
   and	
   waste	
  

removal	
   by	
   diffusion.	
   Generally,	
   matrix	
   porosity	
   should	
   range	
   in	
   the	
   scale	
   of	
  

cellular	
   processes	
   (100	
   μm	
   ÷	
   50	
   μm).	
   Pores	
   exceeding	
   these	
   sizes	
   would	
   lead	
  

cells	
   to	
   feel	
   mechano-­‐transduction	
   mechanisms	
   similar	
   to	
   those	
   of	
   planar	
  

substrates	
  due	
   to	
   the	
   fact	
   that	
   cells	
  will	
  present	
  a	
   flat	
  morphology	
  by	
  attaching	
  

only	
  its	
  basal	
  surface	
  to	
  the	
  material37–40.	
  On	
  the	
  other	
  hand,	
  varying	
  within	
  this	
  

range,	
   microporosity	
   affect	
   cell	
   cytoskeletal	
   organization	
   thus	
   cell	
   adhesion	
  

morphology	
  that	
  vary	
  from	
  a	
  highly	
  tensed,	
  spread	
  cell	
  when	
  in	
  higher	
  pores	
  to	
  a	
  

low-­‐tension,	
   more	
   rounded	
   cell	
   that	
   contacts	
   the	
   material	
   in	
   all	
   dimensions.	
  

These	
   alterations	
   in	
   the	
   cell	
   configuration	
  might	
   promote	
   or	
   inhibit	
   changes	
   in	
  

the	
   nuclear	
   morphology,	
   nuclear	
   physical	
   and	
   mechanical	
   properties,	
   DNA	
  

packing	
  and	
  gene	
  activation41,42	
  and	
  hence,	
  it	
  might	
  affect	
  differentiation43.	
  	
  

The	
  mechano-­‐transduction	
   signaling	
   deriving	
   from	
   integrin	
   engagement	
   to	
   the	
  

ECM	
  and	
   cytoskeleton	
   contractions	
   is	
   related	
  not	
  only	
   to	
   the	
  microgeometry	
  of	
  

the	
   matrix	
   but	
   also	
   to	
   its	
   surface	
   mechanical	
   properties	
   in	
   terms	
   of	
   surface	
  

elasticity31,44,45.	
   In	
   fact,	
   the	
   resistance	
   that	
   a	
   cell	
   feels	
   when	
   adhering	
   and	
  

deforming	
   the	
   ECM	
   is	
   transduced	
   into	
   morphological	
   changes	
   and	
   lineage	
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specification	
  as	
  revealed	
  by	
  2D-­‐platform	
  studies	
  where	
  cells	
  showed	
  a	
  preference	
  

to	
   grow	
   on	
   substrate	
  with	
  mechanical	
   properties	
   approximating	
   those	
   of	
   their	
  

natural	
  SCs	
  niches46–48.	
  It	
  was	
  reported	
  that	
  MSCs	
  address	
  to	
  neurogenic	
  lineage	
  

when	
  cultured	
  on	
  soft	
  brain-­‐like	
  substrates	
  (<1	
  kPa),	
   to	
  myogenic	
   lineage	
  when	
  

cultured	
  on	
  stiffer	
  muscle-­‐like	
  substrates	
  (8	
  ÷	
  15	
  kPa),	
  and	
  to	
  osteogenic	
  lineage	
  

when	
  cultured	
  on	
  relatively	
  higher	
  modulus	
  substrates	
  (25	
  ÷	
  40	
  kPa)46.	
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1.3 Materials	
  for	
  3D	
  niches	
  engineering	
  
	
  
The	
   first	
   step	
   towards	
   successful	
   SCs-­‐based	
   therapies	
   relies	
   not	
   only	
   upon	
   cell	
  

source	
   type	
   but	
   also	
   upon	
   the	
   parallel	
   advances	
   in	
   developing	
   biomaterials	
  

suitable	
  to	
  design	
  synthetic	
  niches	
  mimicking	
  individual	
  aspects44,49.	
  	
  

Adequate	
  scaffold	
  material	
  selection	
  depends	
  on	
  several	
  variables	
  related	
  to	
  the	
  

specific	
  applications,	
  but	
  generally	
  an	
  ideal	
  material	
  should:	
  

- Be	
   biocompatible,	
   biodegradable	
   or	
   bioresorbable	
   with	
   non-­‐citotoxic	
  

degradation	
  products;	
  

- Possess	
  appropriate	
  mechanical	
  properties	
  to	
  match	
  the	
  intended	
  site	
  of	
  

implantation	
  and	
  handling;	
  

- Be	
  mechanically	
   stable	
   to	
   guarantee	
   structural	
   support	
   to	
   cell	
   till	
   they	
  

have	
  built	
  their	
  own	
  matrix;	
  

- Allow	
   facile	
   surface	
   and	
   bulk	
   functionalization	
   to	
   induce	
   specific	
   cell	
  

signal	
  transduction;	
  

- Be	
   easily	
   processable	
   exploiting	
   scaffold	
   fabrication	
   technologies	
  

necessary	
  to	
  fabricate	
  suitable	
  shapes	
  and	
  sizes;	
  

- Allow	
   to	
   independently	
   varying	
   all	
   the	
   parameters	
   enabling	
   to	
  

disentangle	
  the	
  role	
  of	
  each	
  property	
  on	
  SCs	
  behavior.	
  

Biomimetic	
  scaffolding	
  materials	
  have	
  been	
  developed	
  starting	
  from	
  both	
  natural	
  

and	
   synthetic	
   materials	
   and	
   tailoring	
   their	
   properties	
   through	
   physical	
   or	
  

chemical	
  modifications.	
  

Natural	
   biomaterials	
   include	
   those	
   derived	
   from	
   the	
   main	
   components	
   of	
   the	
  

ECM	
  (e.g.	
  collagen,	
  hyaluronic	
  acid,	
  glycosaminoglycans	
  (GAGs),	
   fibrinogen)	
  and	
  

those	
  derived	
  from	
  plants,	
  insects	
  or	
  animal	
  components	
  (e.g.	
  cellulose,	
  chitosan,	
  

silk	
   fibroin).	
   They	
   have	
   the	
   advantages	
   of	
   being	
   bioactive,	
   biocompatible	
   and	
  

show	
   biomimetic	
   properties	
   similar	
   to	
   the	
   tissues	
   they	
   are	
   derived	
   from.	
  

Nowadays,	
   even	
   if	
   several	
   natural	
   materials	
   are	
   commercially	
   available,	
   well	
  

characterized	
   with	
   reproducible,	
   controlled	
   properties	
   (MatrigelTM50,	
   Hyaff51),	
  

they	
  still	
  have	
  limitations	
  including	
  low	
  control	
  over	
  physico-­‐chemical	
  properties	
  

and	
   difficult	
   to	
   modify	
   their	
   degradation	
   rate.	
   Moreover,	
   difficulties	
   in	
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sterilization	
  and	
  purification	
  may	
  limit	
  their	
  clinical	
  application	
  due	
  to	
  the	
  risk	
  of	
  

immunogenicity	
  and	
  disease	
  transfer.	
  

Synthetic	
   materials,	
   mainly	
   comprising	
   polymers,	
   enable	
   easier	
   modulation	
   of	
  

both	
   the	
   structural	
   and	
   mechanical	
   properties	
   of	
   the	
   scaffolds.	
   They	
   could	
   be	
  

processed	
   by	
   several	
   standard	
   methods	
   (e.g.,	
   solvent	
   casting,	
   sintering,	
  

particulate	
   leaching	
  and	
  electrospinning).	
  However,	
   recent	
   studies	
   revealed	
   the	
  

possibility	
   to	
   process	
   polymers	
   by	
   microfabrication	
   technologies	
   like	
   3D	
   laser	
  

non	
  linear	
  lithography52,53,	
  thus	
  enabling	
  to	
  fine	
  control	
  pore	
  geometry,	
  size	
  and	
  

interconnectivity	
   of	
   the	
   final	
   construct,	
   avoiding	
   random	
   pore	
   distributions	
  

typical	
   of	
   standard	
  methods.	
  On	
   the	
  other	
  hand,	
   the	
  mechanical	
  properties	
   and	
  

the	
  degradation	
  rate	
  of	
   the	
  3D	
  synthetic	
  scaffolds	
  can	
  be	
  tailored	
  by	
  controlling	
  

the	
  concentrations	
  and	
  molecular	
  weight	
  of	
  the	
  polymer,	
  or	
  the	
  type	
  or	
  density	
  of	
  

cross-­‐linking	
   between	
   the	
   polymer	
   chains.	
   In	
   general,	
   the	
   disadvantages	
   for	
  

choosing	
   such	
   materials	
   include	
   poor	
   inherent	
   bioactivity	
   (e.g.	
   Poly(ethylene	
  

glycol)	
  (PEG)),	
  acidic	
  by	
  products	
  (e.g.	
  Polyglycolic	
  acid	
  (PGA)	
  or	
  Polylactic	
  acid	
  

(PLA)).	
  Thus,	
  chemical	
  modifications	
  of	
  their	
  surfaces	
  with	
  biological	
  or	
  chemical	
  

entities	
  are	
  required	
  to	
  achieve	
  appropriate	
  cellular	
  response.	
  

Come	
   to	
  evidence	
   that	
   it	
   is	
  hard	
   to	
   satisfy	
   simultaneously	
   the	
  various	
  demands	
  

with	
   single-­‐component	
   scaffolds.	
   Therefore	
   recent	
   studies	
   suggest	
   using	
  

combinations	
   of	
   several	
   types	
   of	
  materials	
   for	
   different	
   purposes;	
   for	
   example	
  

fabricating	
   a	
   base	
   scaffold	
   providing	
   3D	
   microenvironment	
   whose	
   inner	
   pore	
  

surfaces	
  could	
  be	
  coated	
  by	
  different	
  material	
  to	
  tailor	
  cell-­‐surface	
  interactions54–

56.	
  

	
  
1.3.1 Photosensitive	
  polymeric	
  material	
  for	
  two-­‐photon	
  

polymerization	
  (2PP)	
  technology	
  
 

Micron-­‐sized	
   topography	
  and	
  porosity	
  of	
   the	
  synthetic	
  niches	
  have	
  been	
  shown	
  

to	
  play	
  an	
  essential	
  role	
  in	
  affecting	
  cellular	
  functions.	
  Most	
  traditional	
  scaffolds	
  

do	
   not	
   offer	
   truly	
   3D	
   culture	
   for	
   a	
   dual	
   reason.	
   First,	
   standard	
   fabrication	
  

processes	
   such	
   as	
   gas	
   foaming,	
   solvent	
   casting,	
   and	
   electrospinning,	
   produce	
  

structures	
   with	
   random	
   pore	
   distribution	
   that	
   do	
   not	
   allow	
   to	
   have	
   a	
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reproducible	
   and	
   controlled	
   method	
   of	
   micro-­‐	
   nanostructuring.	
   Secondly,	
   size	
  

pores	
   usually	
   vary	
   in	
   the	
   order	
   of	
   100	
   μm	
   in	
   diameter,	
   almost	
   tenfold	
   the	
  

physiological	
   size	
  of	
   cells	
   that	
  consequently	
  behave	
  as	
   they	
  were	
  adhering	
  on	
  a	
  

2D	
   surface	
   as	
   revealed	
   by	
   their	
   flat	
   morphology.	
   In	
   order	
   to	
   overcome	
   these	
  

problems	
  and	
  downsizing	
   features	
  of	
   synthetic	
  niches,	
   a	
   class	
  of	
  manufacturing	
  

technologies	
   known	
   as	
   solid	
   free-­‐form	
   fabrication	
   (SFF)	
   or	
   rapid	
   prototyping	
  

have	
   been	
   successfully	
   used	
   to	
   fabricate	
   tailored	
   complex	
   structures	
   directly	
  

from	
   computer	
  data	
   via	
   computer	
   aided	
  design/computer	
   aided	
  manufacturing	
  

(CAD/CAM)57–59.	
   process	
   wherein	
   an	
   electron	
   first	
   transits	
   from	
   a	
   low	
   energy	
  

level	
  to	
  a	
  higher	
  energy	
  level	
  by	
  the	
  simultaneous	
  absorption	
  of	
  two	
  photons.	
  

	
  
Figure	
   5.	
   Scheme	
   illustrating	
   various	
   technologies	
   that	
   have	
   been	
   developed	
   for	
   3D	
   synthetic	
   matrix	
  
fabrication.	
   SEM	
   images	
   highlight	
   the	
   differences	
   in	
   size	
   pores	
   distribution	
   obtained.	
   Just	
   exploiting	
  
freeform	
   fabrication	
   is	
   possible	
   to	
   create	
   3D	
   matrices	
   with	
   controlled	
   geometries60.	
  
http://www.nist.gov/mml/bbd/biomaterials/3dtissuescaffolds.cfm	
  

Some	
  of	
  these	
  technologies	
  have	
  already	
  been	
  implemented	
  and	
  commercialized	
  

and	
   include	
   stereolithography,	
   selective	
   laser	
   sintering,	
   fused	
   deposition	
  

modeling	
  and	
  inkjet	
  fabrication61,62.	
  However,	
  their	
  low	
  resolution	
  doesn’t	
  enable	
  

to	
   obtain	
   structures	
  with	
   biophysical	
   characteristics	
  mimicking	
   those	
   of	
   native	
  

cell	
  environment.	
  Nowadays,	
  the	
  most	
  advanced	
  technology	
  for	
  fabricating	
  ultra-­‐

precise	
   structures	
   controlled	
   at	
   the	
   cell-­‐scale	
   is	
   femtosecond	
   laser	
   two-­‐photon	
  

polymerization	
   (2PP)63,64.	
   2PP	
   is	
   a	
   rapid,	
   single-­‐step	
   versatile	
   technology	
  

allowing	
  the	
  fabrication	
  of	
  polymeric	
  3D	
  structures	
  of	
  arbitrary	
  architecture	
  with	
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sub-­‐micrometer	
  spatial	
  resolution	
  (<100	
  nm).	
  	
  

	
  
Figure	
   6.	
   Scheme	
   of	
   the	
   2PP	
   fabrication	
   set-­‐up.	
   The	
   femtosecond	
   laser	
   source	
   generally	
  
consists	
   of	
   a	
   Ti:Sapphire	
   oscillator	
   but	
   also	
   Yb-­‐based	
   laser	
   are	
   suitable	
   for	
   2PP	
  
polymerization.	
  The	
  writing	
  beam	
  is	
  directed	
  through	
  a	
  power	
  control	
  setup	
  consisting	
  of	
  
a	
  half	
  waveplate	
  followed	
  by	
  a	
  linear	
  polarizer.	
  The	
  beam	
  then	
  passes	
  through	
  an	
  optional	
  
second	
  harmonic	
  crystal	
  for	
  frequency	
  doubling.	
  A	
  beam	
  expander	
  telescope	
  may	
  be	
  used	
  
to	
  fill	
  the	
  entire	
  clear	
  aperture	
  of	
  the	
  microscope	
  objective	
  for	
  best	
  possible	
  focusing.	
  The	
  
beam	
  is	
  then	
  focused	
  inside	
  the	
  photoresist	
  using	
  a	
  lens	
  or	
  microscope	
  objective	
  and	
  the	
  
sample	
  is	
  translated	
  relative	
  to	
  the	
  beam	
  using	
  three-­‐axis	
  computer-­‐controlled	
  translation	
  
stages.	
  

During	
  2PP,	
  3D	
  scaffold	
  are	
  directly	
  laser-­‐written	
  tightly	
  focusing	
  the	
  beam	
  of	
  an	
  

ultrafast	
  infrared	
  laser	
  into	
  the	
  volume	
  of	
  a	
  photosensitive	
  material	
  (photoresist).	
  

The	
   latter	
   usually	
   include	
   a	
   prepolymer	
   (monomer)	
   resin	
   containing	
   a	
  

photoinitiator.	
   Within	
   the	
   focal	
   region,	
   focused	
   ultra-­‐short	
   laser	
   pulses	
  

absorption	
  occurs	
  by	
  means	
  of	
  multiple	
  photons	
  absorption	
  phenomenon	
  as	
  two-­‐

photon	
   absorption	
   (TPA)	
   and	
   the	
   photoinitiator	
   is	
   excited.	
   TPA	
   is	
   a	
   non-­‐linear	
  

photochemical	
  Briefly,	
  an	
  electron	
  transits	
  to	
  a	
  virtual	
  intermediate	
  stage	
  by	
  the	
  

absorption	
   of	
   the	
   first	
   photon;	
   if	
   the	
   absorption	
   of	
   the	
   second	
   photon	
   occur	
  

during	
   the	
   lifetime	
   of	
   within	
   10-­‐4	
   ÷	
   10-­‐9	
   s,	
   the	
   electrons	
   populating	
   the	
  

intermediate	
   stage	
   complete	
   their	
   transition	
   and	
   transit	
   to	
   the	
   higher	
   level.	
  

Finally,	
   the	
   tight	
   focusing	
   and	
   the	
  non-­‐linear	
   interaction	
  of	
   femtosecond	
  pulses	
  

with	
  the	
  photoresist,	
  confine	
  TPA	
  to	
  the	
  focal	
  volume	
  without	
  causing	
  absorption	
  

at	
  the	
  surface,	
  enabling	
  the	
  3D	
  patterning	
  advantage	
  of	
  2PP65.	
  General	
  criteria	
  for	
  

choosing	
   a	
   photopolymer	
   suitable	
   for	
   2PP	
   scaffold	
   fabrication	
   include	
   thermal	
  

and	
   mechanical	
   stability	
   of	
   the	
   cross-­‐linked	
   structure,	
   time	
   required	
   for	
  

processing,	
  biocompatibility	
  and	
  biofunctionality,	
  and	
  ease	
  of	
  tuning	
  mechanical	
  

properties	
   through	
   changes	
   of	
   chemical	
   composition	
   or	
   coating.	
   If	
   the	
   cellular	
  

construct	
   is	
   designed	
   to	
   degrade	
   immediately	
   after	
   implantation	
   in	
   vivo,	
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biodegradability	
   is	
   also	
   required.	
   For	
   the	
   latter,	
   biopolymers	
   including	
   bovine	
  

serum	
   albumin	
   (BSA),	
   ECM-­‐derivatives	
   and	
   polymer-­‐protein	
   hybrids	
   based	
   on	
  

caprolactone	
   and	
   on	
   polylactic	
   acid	
   have	
   been	
   implemented61,66,67.	
   However,	
  

these	
  materials	
  often	
  lack	
  the	
  necessary	
  mechanical	
  stability.	
  On	
  the	
  other	
  hand,	
  

the	
   non-­‐biodegradable	
   commercially	
   available	
  materials	
   include	
  different	
   types	
  

of	
   vinyls68,	
   epoxies69,	
   acrylates70,	
   and	
   hybrid	
   inorganic-­‐organic	
   materials71.	
  

Acrylate-­‐based	
   resins	
   are	
   characterized	
   by	
   higher	
   speed	
   processability	
   with	
  

respect	
   to	
   other	
   materials.	
   Since	
   free-­‐radical polymerization	
   is	
   exploited	
   to	
  

induce	
   their	
   chemical	
   reactions,	
   acrylates	
   also	
   show	
   higher	
   TPA	
   efficiency72.	
  

Conversely,	
   cationic	
   polymerization	
   occurs	
   for	
   the	
   photopolymerization	
   of	
  

epoxies	
   as	
   for	
   SU-­‐8	
   resin,	
   which	
   is	
   already	
   widely	
   used	
   in	
   conventional	
  

photolithography	
   processes	
   but	
   requires	
   several	
   processing	
   step	
   prior	
   to	
   UV-­‐

exposure.	
   Finally,	
   photosensitive	
   organic-­‐inorganic	
   materials	
   have	
   gained	
  

particular	
   attention	
   since	
   they	
   have	
   been	
   demonstrated	
   to	
   be	
   easily	
   photo-­‐

structurable	
  and	
  have	
  shown	
  sufficient	
  biocompatibility	
  based	
  on	
  comparison	
  of	
  

cell	
   growth	
   rates	
   with	
   standard	
   substrates.	
   In	
   particular,	
   organically	
   modified	
  

silicates,	
  referred	
  to	
  as	
  ORMOSILs	
  or	
  ORMOCERs,	
  have	
  been	
  synthesized	
  by	
  sol-­‐

gel	
   processing71.	
   Starting	
   from	
   a	
   liquid	
   precursors	
   3D	
   networks	
   are	
   formed	
  

during	
   irradiation	
   via	
   the	
   crosslinking	
   of	
   inorganic	
   and	
   organic	
   moieties	
   thus	
  

ORMOCERs	
   combine	
   the	
   properties	
   of	
   organic	
   polymers	
   (low-­‐temperature	
  

processing	
  and	
  functionality)	
  with	
  those	
  of	
  inorganic	
  glasses	
  (hardness,	
  thermal	
  

and	
  chemical	
  stability,	
  and	
  optical	
  transparency).	
  The	
  ratio	
  between	
  the	
  organic	
  

and	
   inorganic	
   moieties	
   is	
   the	
   key	
   parameter	
   that	
   allows	
   tuning	
   mechanical,	
  

optical,	
   chemical	
   and	
   surface	
   properties	
   of	
   the	
   final	
   polymer.	
   One	
   limitation	
   of	
  

ORMOCERs	
  is	
  that	
  as	
  the	
  liquid	
  turns	
  into	
  a	
  solid	
  during	
  2PP,	
  a	
  severe	
  shrinkage	
  

occurs,	
   resulting	
   in	
   a	
   final	
   structure	
   that	
   deviates	
   from	
   the	
   intended	
   design.	
  

However,	
  in	
  recent	
  years	
  several	
  studies	
  reported	
  the	
  2PP	
  fabrication	
  of	
  scaffolds	
  

exploiting	
  a	
  new	
  promising	
  hybrid	
  organic-­‐inorganic	
  class	
  of	
  photoresists,	
  which	
  

are	
   mainly	
   composed	
   of	
   a	
   silicon	
   alkoxide	
   and	
   zirconium	
   alcoxide	
   and	
   whose	
  

molar	
   ratio	
   has	
   been	
   optimized	
   to	
   increase	
   their	
   photosensitivity	
   and	
   avoid	
  

structural	
  deformation	
  caused	
  by	
  shrinkage	
  phenomena71,73,74.	
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1.3.2 Hydrogels	
  as	
  materials	
  for	
  surface	
  niche	
  engineering	
  
 

The	
   surface	
  properties	
   of	
   tissue	
   engineering	
   scaffolds	
  play	
   a	
   key	
   role	
   in	
  

manipulating	
   stem	
   cells	
   behavior.	
   The	
   interactions	
   of	
   cells	
   with	
   the	
  

artificial	
   substrates	
   trigger	
   transmembrane	
   signals	
   that	
   are	
   the	
   driving	
  

forces	
   to	
   many	
   essential	
   cellular	
   functions.	
   Particularly,	
   the	
   mechanical	
  

properties	
  in	
  terms	
  of	
  substrates	
  stiffness	
  influence	
  the	
  forces	
  exerted	
  by	
  

cells	
  on	
   their	
  substrates	
  affecting	
   their	
  adhesion	
  morphology	
  and	
  hence,	
  

their	
  fate.	
  In	
  fact,	
  alterations	
  in	
  the	
  cytoskeletal	
  organization	
  might	
  affect	
  

nuclear	
  morphology	
  and	
  consequently	
  DNA	
  packing	
  and	
  gene	
  activation.	
  

Finally,	
   tailoring	
  surface	
  and	
  bulk	
  properties	
  of	
   scaffolds	
   is	
   important	
   in	
  

modulating	
  the	
  cellular	
  response	
  to	
  the	
  scaffolds.	
  

Due	
   to	
   their	
   high	
   water	
   content,	
   biocompatibility	
   and	
   mechanical	
  

properties	
  that	
  resemble	
  many	
  biological	
  tissues,	
  hydrogels	
  represent	
  an	
  

attractive	
   class	
   of	
   biomimetic	
   materials	
   for	
   tissue	
   engineering	
  

applications	
   such	
   as	
   space	
   filling	
   agents,	
   delivery	
   vehicles	
   for	
   bioactive	
  

molecules,	
   and	
   biomimetic	
   scaffolds75,76.	
   Depending	
   on	
   the	
   specific	
  

applications,	
   hydrogels	
   should	
   meet	
   different	
   requirements	
   in	
   terms	
   of	
  

physical	
  properties,	
  mass	
  transport	
  properties,	
  and	
  biological	
  properties.	
  

Currently,	
   hydrogels	
   scaffolds	
   have	
   been	
   exploited	
   to	
   engineer	
   a	
   wide	
  

range	
  of	
  tissues,	
  including	
  cartilage,	
  bone,	
  muscle,	
  fat,	
  liver,	
  and	
  neurons.	
  

They	
  are	
  structurally	
  similar	
  to	
  the	
  natural	
  ECM	
  with	
  a	
  three-­‐dimensional	
  

networks	
  made	
  of	
   cross-­‐linked	
  hydrophilic	
  polymer	
  chains	
   that	
  are	
  able	
  

to	
  retain	
  a	
   large	
  amount	
  of	
  water	
  but	
  are	
  prevented	
  from	
  dissolving	
  due	
  

to	
   their	
   chemically	
   or	
   physically	
   cross-­‐links.	
   The	
   high	
   equilibrium	
  

swelling	
   promotes	
   nutrient	
   diffusion	
   and	
   cellular	
   waste	
   removal,	
   while	
  

their	
   insolubility	
   provides	
   the	
   structural	
   integrity	
   necessary	
   for	
   tissue	
  

growth.	
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Their	
  swollen	
  behavior	
  could	
  be	
  described	
  by	
  combining	
  thermodynamic	
  

equilibrium-­‐swelling	
   theory	
   and	
   elasticity	
   theory.	
   In	
   fact,	
   as	
   Flory	
   first	
  

described77,	
   when	
   a	
   cross-­‐linked	
   polymer	
   gel	
   is	
   immersed	
   in	
   a	
   proper	
  

solvent,	
   an	
   equilibrium	
   swelling	
   value	
   is	
   reached	
   as	
   a	
   compromise	
  

between	
  two	
  opposing	
   forces:	
   the	
  thermodynamic	
   force	
  of	
  mixing	
  of	
   the	
  

fluid	
  molecules	
  with	
  the	
  polymer	
  chains	
  and	
  the	
  retractive	
  force	
  that	
  the	
  

polymer	
   chains	
   exert	
   through	
   the	
   cross-­‐linked	
   network.	
   Thus,	
   the	
  

structural	
   integrity	
   of	
   the	
   hydrogels	
   is	
  maintained	
   by	
   crosslinks	
   formed	
  

between	
  polymer	
  chains	
  and	
  modifying	
  the	
  degree	
  of	
  cross-­‐linking	
  deeply	
  

affects	
  the	
  degree	
  of	
  swelling,	
  which	
  is	
  strictly	
  correlated	
  to	
  the	
  hydrogels	
  

mechanical	
  strength.	
  Hydrogels	
  usually	
  show	
  poor	
  mechanical	
  properties	
  

and	
   rapid	
  degradation,	
  which	
  make	
   them	
  unsuitable	
   for	
   higher	
   stiffness	
  

tissue	
   engineering	
   as	
   in	
   the	
   case	
   of	
   connective	
   tissue.	
   To	
   face	
   these	
  

problems,	
   improving	
   their	
   mechanical	
   properties	
   and	
   controlling	
   the	
  

degradation	
   rate,	
   hydrogels	
   can	
   be	
   chemically	
   modified	
   under	
   mild,	
  

biocompatible	
   conditions	
   to	
   provide	
   desired	
   elasticity	
   and	
  

biodegradability.	
   Particularly,	
   several	
   studies	
   assess	
   the	
   possibility	
   to	
  

tailor	
   the	
   mechanical	
   properties	
   and	
   degradation	
   rate	
   of	
   cross-­‐linked	
  

hydrogels	
   by	
   controlling	
   the	
   cross-­‐linking	
  density	
   and	
  molecular	
  weight	
  

of	
   the	
   cross-­‐linking	
   molecules,	
   by	
   altering	
   the	
   comonomer	
   composition	
  

and	
  by	
  changing	
   the	
   conditions	
  under	
  which	
   the	
  polymer	
   is	
   formed78–80.	
  

Hydrogels	
   for	
   tissue	
   engineering	
   can	
   be	
   characterized	
   based	
   on	
   their	
  

derivation	
  and	
  composition	
  as	
  synthetic,	
  natural	
  and	
  hybrid.	
  

Synthetic	
   hydrogels	
   can	
   be	
   generated	
   using	
   various	
   chemical	
   methods	
  

starting	
   from	
   derivatives	
   of	
   poly(hydroxyethyl	
   methacrylate)	
   (PHEMA),	
  

poly(ethylene	
   glycol)	
   (PEG),	
   and	
   poly(vinyl	
   alcohol)	
   (PVA).	
   Chemical	
  

functionalization	
   and	
   cross-­‐linking	
   of	
   the	
   hydrophilic	
   chains,	
   including	
  

photo-­‐	
   and	
   thermal-­‐initiated	
   polymerization,	
   were	
   deeply	
   studied	
   and	
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optimized	
   to	
   provide	
   3D	
   microenvironments	
   with	
   controlled	
   and	
  

reproducible	
   tunable	
   features.	
   In	
   fact,	
   this	
   polymer	
   networks	
   can	
   be	
  

designed	
  and	
  reproducibly	
  synthesized	
  with	
  molecular-­‐scale	
  control	
  over	
  

structure,	
   such	
   as	
   cross-­‐linking	
   density	
   and	
   with	
   tailored	
   mechanical	
  

properties,	
   such	
   as	
   biodegradation,	
   mechanical	
   strength,	
   and	
   chemical	
  

and	
   biological	
   response	
   to	
   stimuli.	
   PEG	
   hydrogels	
   are	
   one	
   of	
   the	
   most	
  

widely	
   used	
  materials	
   for	
   biomedical	
   applications	
   and	
   the	
   US	
   Food	
   and	
  

Drug	
  Administration	
  (FDA)	
  currently	
  approves	
  it	
  for	
  various	
  clinical	
  uses.	
  

Hydrophilic	
   PEG	
   chains	
   can	
   be	
   photocross-­‐linked	
   exploiting	
   acrylate-­‐

terminated	
   PEG	
   monomers.	
   Furthermore,	
   they	
   represent	
   a	
   versatile	
  

platform	
  for	
  many	
  other	
  subsequent	
  conjugations,	
  thus	
  allowing	
  forming	
  

varying	
  covalently	
  cross-­‐linked	
  hydrogels	
  and	
  adding	
  specific	
  properties	
  

to	
   the	
  PEG	
  gels.	
   For	
   example,	
   peptide	
   sequences	
   can	
  be	
   incorporated	
   in	
  

the	
   PEG	
   gels	
   structure	
   to	
   modify	
   their	
   passive	
   behavior	
   towards	
   most	
  

biological	
  molecules,	
   thus	
   their	
   interactions	
  with	
   cells.	
   In	
   fact,	
   the	
   poor	
  

inherent	
   bioactivity	
   of	
   synthetic	
   gels,	
   together	
   with	
   possible	
   acidic	
   by-­‐

products,	
   represent	
   the	
   main	
   disadvantage	
   for	
   choosing	
   this	
   class	
   of	
  

hydrogels.	
   From	
   this	
   combination	
   of	
   biological	
   entities	
   with	
   synthetic	
  

hydrogels,	
   a	
   new	
   class	
   of	
   biohybrid	
   hydrogels	
  was	
   created.	
   These	
   novel	
  

systems	
   synergistically	
   combine	
   biological	
   mechanism,	
   such	
   as	
   high	
  

affinity	
   and	
   specificity	
   of	
   binding,	
   with	
   tailorable	
   hydrogel	
   properties81.	
  

Growth	
   factors,	
   enzymes,	
   peptides	
   and	
   amino-­‐acid	
   sequences	
   are	
   the	
  

mostly	
   used	
   biologically	
   active	
   molecules	
   that	
   could	
   be	
   chemically	
   or	
  

physically	
   entrapped	
   into	
   polymer	
   networks	
   to	
   produce	
   conjugated	
  

biomaterials.	
  

Hydrogels	
   from	
   natural	
   sources	
   generally	
   are	
   either	
   components	
   of	
   or	
  

have	
  macromolecular	
  properties	
  similar	
  to	
  the	
  natural	
  ECM.	
  The	
  formers	
  

mainly	
   include	
   mammalian-­‐derived	
   protein-­‐based	
   polymers	
   and	
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glycosaminoglycans	
   (GAGs),	
   whereas	
   linear	
   polysaccharides	
   such	
   as	
  

alginate	
  and	
  chitosan	
  are	
  those	
  structurally	
  similar	
  to	
  the	
  ECM.	
  Collagen	
  is	
  

the	
   most	
   abundant	
   protein	
   of	
   the	
   mammalian	
   tissue	
   and	
   the	
   main	
  

component	
  of	
   the	
  ECM82.	
   It	
   is	
  generally	
   composed	
  of	
  polypeptide	
  chains	
  

held	
  together	
  by	
  both	
  hydrogen	
  and	
  covalent	
  bonds,	
  thus	
  forming	
  natural	
  

gels,	
  which	
   represent	
   an	
   effective	
  matrix	
   for	
   cellular	
   growth	
   due	
   to	
   the	
  
presence	
   of	
   many	
   cell-­‐signaling	
   domains	
   present	
   in	
   the	
   in	
   vivo	
   ECM.	
  

However,	
   collagen	
   and	
   collagen-­‐derived	
   gels	
   could	
   be	
   synthesized	
   with	
  

enhanced	
   mechanical	
   properties	
   by	
   exploiting	
   chemical	
   crosslinking,	
  

crosslinking	
  with	
   physical	
   treatments	
   (UV	
   or	
   temperature),	
   or	
   blending	
  

with	
  other	
  polymeric	
  agents.	
  Among	
  collagen	
  derivatives,	
  gelatin	
  has	
  been	
  

extensively	
  used	
  in	
  tissue	
  engineering	
  not	
  only	
  for	
  its	
  biocompatibility	
  but	
  

also	
   for	
   its	
   potentiality	
   to	
   induce	
   stem	
   cells	
   differentiation,	
   which	
   is	
  

directly	
   linked	
   to	
   intracellular	
   signaling	
   pathways	
   by	
   cellular	
   integrin	
  

receptors83.	
  Hyaluronic	
  acid	
  (HA)	
  is	
  the	
  GAG	
  prevalently	
  used	
  for	
  cartilage	
  

tissue	
   reconstruction	
   and	
   its	
   great	
   potential	
   is	
   due	
   to	
   the	
   presence	
   of	
  

various	
  surface	
  receptors	
  (e.g.	
  CD44),	
  which	
  are	
  involved	
  in	
  cell	
  signaling	
  

through	
   sophisticated	
   signaling	
   pathways.	
   This	
   linear	
   polysaccharide	
   is	
  

present	
  as	
  a	
  gel-­‐like	
  substance	
  with	
  poor	
  mechanical	
  properties	
  in	
  nearly	
  

every	
  mammalian	
   tissue	
  and	
   fluid,	
   especially	
   in	
   the	
   synovial	
   fluid	
  of	
   the	
  

joint.	
   However,	
   stiffer	
   HA	
   hydrogels	
   can	
   be	
   formed	
   by	
   covalent	
   cross-­‐

linking,	
   as	
   for	
   collagen,	
   through	
  multiple	
   chemical	
   conjugations.	
   Finally,	
  

alginate	
   and	
   chitosan	
   have	
   been	
   investigated	
   for	
   a	
   variety	
   of	
   tissue	
  

engineering	
   applications,	
   because	
   they	
   are	
   structurally	
   similar	
   to	
  

naturally	
   occurring	
   GAGs.	
   They	
   are	
   linear	
   polysaccharides	
   derived	
   from	
  

brown	
   seaweed	
   and	
   crustacean	
   shells	
   respectively.	
   Alginate	
   gels	
   are	
  

mainly	
   formed	
   upon	
   formation	
   of	
   ionic	
   bridges	
   between	
   different	
  

polymer	
   chains,	
  whereas	
   chitosan	
   can	
  be	
   cross-­‐linked	
  by	
   increasing	
  pH,	
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by	
  dissolving	
  in	
  a	
  nonsolvent	
  or	
  by	
  photocross-­‐linking.	
  Due	
  to	
  the	
  gentle	
  

gelling	
   conditions,	
   slow	
   degradation	
   and	
   low	
   toxicity	
   alginate	
   and	
  

chitosan	
   gels	
   are	
   widely	
   used	
   for	
   cell	
   encapsulation	
   and	
   drug	
  

delivery8,75,76.	
  

All	
   natural	
   derived	
   hydrogels	
   are	
   physiologically	
   degraded	
   by	
   cells	
  

through	
  the	
  release	
  of	
  specific	
  enzymes	
  and	
  proteins.	
  By	
  manipulating	
  the	
  

cross-­‐linking	
  conditions	
  it	
  is	
  possible	
  to	
  partially	
  control	
  their	
  kinetics	
  of	
  

degradation	
  to	
  address	
  a	
  specific	
  application.	
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surface80.	
   The	
  major	
   advantage	
  of	
   spot-­‐arraying	
   techniques	
   is	
   that	
   the	
  proteins	
  

stay	
   in	
   hydrated	
   conformation	
   in	
   solution	
   during	
   the	
   patterning	
   process,	
  

ensuring	
   their	
   biofunctionality.	
   Moreover,	
   its	
   high	
   flexibility	
   enables	
   multi	
  

protein	
  patterning	
  avoiding	
  cross-­‐contamination.	
  

	
  
Figure	
   11.	
   Scheme	
   illustrating	
   (a)	
   noncontact	
   and	
   (b)	
   contact	
   printing	
   processes.	
   In	
  
noncontact	
  pin	
  printing,	
  piezo	
  or	
   thermal	
   transducer	
  are	
  used	
   to	
  expel	
  small	
  droplets	
  of	
  
protein	
  solution.	
  In	
  contact	
  printing,	
  the	
  pin	
  are	
  loaded	
  with	
  print	
  solution	
  from	
  a	
  source	
  
plate	
  and	
  then	
  contact	
  the	
  substrate	
  surface	
  to	
  deposit	
  protein	
  solution81,82.	
  	
  
In	
   recent	
   years,	
   other	
   technologies	
   have	
   been	
   developed	
   to	
   achieve	
   molecular	
  

scale	
   patterning,	
   otherwise	
   not	
   possible	
   with	
   photolithography	
   and	
   soft	
  

lithography	
   that	
   are	
   limited	
   to	
   micron-­‐sized	
   patterns.	
   New	
   possible	
  

nanolithographic	
   technologies	
   include	
   dip-­‐pen	
   nanolithography	
   (DPN)83,	
   a	
  

direct-­‐write	
   scanning	
   probe-­‐based	
   lithography	
   that	
   uses	
   an	
   ‘ink’-­‐coated	
   atomic	
  

force	
   microscopy	
   (AFM)	
   tip	
   to	
   deliver	
   molecules	
   on	
   a	
   surface	
   via	
   a	
   solvent	
  

meniscus	
   achieving	
   sub-­‐50-­‐nm	
   resolution84.	
   Nanoarrays	
   of	
   small	
   organic	
  

molecules,	
   polymers,	
  DNA	
  and	
  proteins	
  have	
  been	
   realized	
   through	
  AFM-­‐based	
  

methods85,86.	
  

	
  
Figure	
   12.	
   Schematic	
   representation	
   of	
   the	
   DPN	
   process.	
   A	
   water	
   meniscus	
   is	
   formed	
  
between	
  the	
  AFM	
  tip,	
  which	
  is	
  coated	
  with	
  “ink”	
  molecules,	
  and	
  the	
  solid	
  substrate83	
  and	
  
transports	
  molecules	
  to	
  the	
  surface	
  in	
  the	
  desired	
  pattern81. 
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2.3 Anti-­‐fouling/fouling-­‐release	
  substrates	
  
 

A	
   fundamental	
   issue	
   in	
   the	
   development	
   of	
  micropatterned	
   substrates	
   for	
   rare	
  

cell	
  capture	
  and	
  isolation	
  is	
  represented	
  by	
  material	
  selection.	
  The	
  performance	
  

of	
   the	
   final	
   surface-­‐capture	
   arrays	
   is	
   strikingly	
   affected	
   by	
   the	
   choice	
   of	
   the	
  

substrate	
   material	
   that	
   should	
   meet	
   specific	
   requirements.	
   Suitable	
   materials	
  

should	
   primarily	
   show	
   biocompatibility,	
   biostability	
   and	
   resistance	
   to	
  

biodegradation	
   with	
   low	
   level	
   of	
   extractables	
   that	
   must	
   be	
   non-­‐cytotoxic.	
  

However,	
  even	
  surface	
  properties	
  play	
  a	
  critical	
  role	
   in	
   this	
  performance10,15.	
   In	
  

fact,	
  microarray	
  surfaces,	
  usually	
  immersed	
  into	
  aqueous	
  biological	
  fluids	
  or	
  cell	
  

culture	
  media,	
  must	
  be	
  capable	
  of	
  selectively	
  immobilizing	
  biomolecules	
  baits	
  in	
  

microscale	
  patterned	
  spots	
  and	
  hence,	
  selectively	
  capturing	
  target	
  cells,	
  but	
  also	
  

be	
  efficient	
  at	
  eliminating	
  not	
  specific	
  protein	
  binding	
  or	
  cell	
   capture	
  anywhere	
  

else	
   on	
   the	
   surface.	
   To	
   this	
   end,	
   materials	
   showing	
   anti-­‐fouling	
   and	
   fouling-­‐

release	
   properties	
   have	
   attracted	
   a	
   significant	
   interest	
   to	
   be	
   used	
   either	
   as	
  

surface	
  coating	
  material	
  or	
  as	
  bulky	
  material.	
  Anti-­‐fouling	
  means	
  preventing	
  the	
  

adhesion	
   of	
   fouling	
   organisms	
   or	
   protein	
   in	
   static	
   conditions,	
   while	
   fouling	
  

release	
   involves	
   the	
   possibility	
   of	
   removing	
   them	
   dynamically	
   by	
   the	
  

hydrodynamic	
   forces	
   exerted	
   through	
   a	
   liquid	
   flow	
   and	
   a	
   wide	
   number	
   of	
  

parameters	
   contributes	
   to	
   determine	
   these	
   surfaces	
   characteristics.	
   A	
   well-­‐

known	
  anti-­‐fouling	
  polymer	
  largely	
  applied	
  in	
  biomedical	
  and	
  biological	
  research	
  

is	
  poly(ethylene	
  glycol)	
  (PEG)87,88.	
  The	
  generally	
  adopted	
  approach	
  is	
  to	
  minimize	
  

non-­‐specific	
   binding	
   of	
   a	
   surface	
   by	
   depositing	
   thin	
   PEG	
   layers.	
   These	
   surface	
  

modification	
  can	
  be	
  performed	
  either	
  by	
  PEG	
  physically	
  adsorption89	
  or	
  by	
  PEG	
  

covalent	
   immobilization90,91.	
   Successful	
   PEG	
   deposition	
   prevents	
   both	
  

electrostatic	
   and	
   hydrophobic	
   attractions	
   by	
   presenting	
   an	
   uncharged	
   polar	
  

surface	
  to	
  the	
  fluid.	
  In	
  fact,	
  the	
  efficacy	
  of	
  PEG	
  as	
  a	
  biologically	
  passivating	
  surface	
  

has	
   been	
   linked	
   to	
   both	
   its	
   charge	
   neutrality	
   and	
   to	
   its	
   solvated	
   configuration	
  

when	
  interacting	
  with	
  water92–94.	
  	
  

Recently,	
   perfluoropolyethers	
   (PFPEs)	
   have	
   also	
   emerged	
   as	
   promising	
   coating	
  

materials	
   to	
   be	
   exploited	
   for	
   anti-­‐biofoluing95.	
   Thanks	
   to	
   their	
   anti-­‐fouling	
   and	
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fouling-­‐release	
  properties,	
  PFPE	
  functional	
  oligomers	
  are	
  already	
  widely	
  used	
  in	
  

marine	
   field	
   to	
   prevent	
   biofouling	
   adhesion	
   on	
   ship	
   hulls,	
   thus	
   reducing	
  

hydrodynamic	
  drag	
  and	
  fuel	
  compsuntion96,97.	
  Conversely,	
  in	
  the	
  biomedical	
  field	
  

UV	
   curable	
   perfluoropolyether-­‐dimethacrylates	
   (PFPE-­‐DMAs)	
   have	
   been	
  

investigated	
   for	
   device	
   microfabrication98	
   and	
   more	
   recently	
   amphiphilic	
  

structures	
   containing	
   both	
   hydrophilic	
   and	
   hydrophobic	
   moieties	
   have	
   been	
  

proposed	
   as	
   potential	
   fouling-­‐release	
   coatings99.	
   Finally,	
   other	
   works	
   in	
   the	
  

literature	
  have	
  tested	
  the	
  effectiveness	
  of	
  other	
  perfluoropolyether	
  polymers	
  as	
  

protein-­‐adhesion	
  resistant	
  substrates95,100.	
  The	
  release	
  properties	
  of	
   fluorinated	
  

polymers,	
  and	
  of	
  polymeric	
  materials	
   in	
  general,	
   rely	
  on	
   their	
  physico-­‐chemical	
  

properties;	
   in	
   particular,	
   surface	
   tension	
   and	
   elastic	
   modulus	
   seem	
   to	
   play	
   an	
  

important	
   role.	
   The	
   relationship	
   between	
   surface	
   free	
   energy	
   and	
   bioadhesion	
  

has	
   been	
   deeply	
   investigated	
   in	
   the	
   literature.	
   Preliminary	
   experiments,	
  

performed	
  to	
  study	
  the	
  role	
  of	
  surface	
  tension	
  on	
  the	
  adhesion	
  of	
  blood	
  proteins	
  

and	
   platelets101,	
   revealed	
   that	
   protein/fouling	
   adhesion	
   decreases	
   linearly	
  with	
  

surface	
   tension	
   up	
   to	
   25	
   mN/m,	
   which	
   is	
   the	
   value	
   of	
   Polydimethylsiloxane	
  

(PDMS);	
   a	
   further	
   diminishment	
   of	
   surface	
   tension	
   would	
   not	
   be	
   beneficial,	
  

where	
  as	
  20	
  ÷	
  30	
  mJ/m2	
  should	
  be	
  considered	
  as	
  the	
  surface	
  tension	
  values	
  range	
  

ideal	
  in	
  preventing	
  bioadhesion101.	
  However,	
  more	
  recent	
  studies	
  suggested	
  that	
  

surface	
  tension	
  must	
  be	
  considered	
  keeping	
   in	
  mind	
  also	
  the	
  elastic	
  modulus	
  of	
  

the	
  material.	
  Moreover,	
  also	
  the	
  coating	
  thickness	
  plays	
  a	
  role,	
  since	
  less	
  force	
  is	
  

needed	
   to	
   dislodge	
   a	
   fouling	
   layer	
   from	
   a	
   thicker	
   coating102,103.	
   For	
   instance,	
   a	
  

more	
   comprehensive	
   approach	
   is	
   to	
   study	
   fouling	
   adhesion	
   against	
   (Eγ)1/2	
   to	
  

study	
   the	
   effect	
   of	
   both	
   elastic	
  modulus	
   and	
   surface	
   tension104,105.	
   The	
   latter	
   is	
  

crucial	
  for	
  the	
  initial	
  attachment	
  of	
  proteins,	
  while	
  the	
  former	
  mainly	
  affects	
  the	
  

fouling	
   release	
   properties,	
   since	
   it	
   induces	
   the	
   joint	
   formed	
   between	
   the	
  

substrate	
  and	
  the	
  protein	
  to	
  fail	
  by	
  peel	
  rather	
  than	
  by	
  shear.	
  The	
  dependence	
  of	
  

fouling-­‐release	
   performance	
   on	
   (Eγ)1/2	
   was	
   first	
   derived	
   studying	
   the	
   joint	
  

between	
  proteins	
  and	
  the	
  coating	
   in	
  terms	
  of	
   fracture	
  mechanics.	
  The	
  approach	
  

stems	
  from	
  the	
  Griffith	
  theory	
  that	
  shows	
  how	
  fracture	
  of	
  solids	
  depends	
  not	
  only	
  

on	
   surface	
   energy	
   but	
   also	
   on	
   geometry	
   and	
   the	
   elastic	
   properties	
   of	
   the	
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materials.	
  Considering	
  the	
  case	
  of	
  a	
  thin	
  film	
  of	
  thickness	
  ‘t’	
  and	
  Young’s	
  modulus	
  

‘E’	
  sandwiched	
  between	
  an	
  infinite	
  rigid	
  plane	
  and	
  a	
  disk	
  of	
  diameter	
  2a,	
  the	
  peel	
  

force	
  can	
  be	
  expressed	
  as	
  following:	
  

	
  
Figure	
  13.	
  Scheme	
  of	
  an	
  elastomeric	
  film	
  held	
  between	
  a	
  rigid	
  substrate	
  and	
  a	
  rigid	
  disk.	
  P	
  
=	
  peel	
  force;	
  a	
  =	
  contact	
  radius;	
  t	
  =	
  coating	
  thickness. 

 

𝑃! =   
2𝜋!𝑘𝑎!𝛾

𝑡
 

where	
  P	
  is	
  the	
  peel	
  force	
  necessary	
  to	
  joint	
  failure,	
  a	
  is	
  the	
  contact	
  radius,	
  t	
  is	
  the	
  

coating	
  thickness	
  and	
  k	
  is	
  the	
  bulk	
  modulus,	
  that	
  is	
  related	
  to	
  the	
  elastic	
  modulus	
  

through	
  the	
  Poisson	
  coefficient	
  	
  as	
  shown	
  in	
  the	
  following	
  equation:	
  

𝐸 = 3𝐾(1 − 2𝜈) 

combining	
  the	
  two	
  equations	
  it	
  is	
  evident	
  the	
  connection	
  between	
  fouling-­‐release	
  

properties	
  and	
  (Eγ)1/2.	
  Thus,	
  PFPE	
  polymers	
  are	
  undoubtedly	
  promising	
  fouling-­‐

release	
   materials,	
   having	
   both	
   low	
   elastic	
   modulus	
   and	
   low	
   surface	
   tension.	
  

However,	
   it	
   must	
   be	
   noted	
   that	
   other	
   parameters	
   such	
   as	
   surface	
  

reconstruction106,	
  and	
  surface	
  roughness	
  play	
  a	
  role	
  in	
  the	
  assessment	
  of	
  fouling-­‐

release	
  properties.	
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