
C H A P T E R  I I  
L I T E R A T U R E  R E V I E W

T H E O R E T I C A L  B A C K G R O U N D  A N D  L I T E R A T U R E  R E V I E W

2.1  T i s s u e  E n g i n e e r i n g

T is s u e  E n g in e e r in g  is  a n  e m e r g in g  in te r d is c ip l in a r y  f ie ld  th a t  a p p l i e s  th e  
p r in c ip le s ,  o f  b io lo g y  a n d  e n g in e e r in g  to  r e p a i r  t i s s u e  d e f e c t  a n d  r e g e n e r a te  n e w  
t i s s u e  a n d  m a in ta in  th e  fu n c t io n  o f  h u m a n  t i s s u e s .  T h e r e  a r e  m a n y  a p p r o a c h e s  to  
t i s s u e  e n g in e e r in g ,  b u t  a ll in v o lv e  o n e  o r  m o r e  o f  th e  f o l lo w in g  k e y  in g r e d ie n ts :  
h a r v e s te d  c e l l s ,  r e c o m b in a n t  s ig n a l in g  m o le c u le s ,  a n d  th r e e - d im e n s io n a l  (3 D )  
m a tr ic e s .  T i s s u e  e n g in e e r in g  f o r  b o n e  ty p ic a l ly  in v o lv e s  c o u p l in g  o s t e o g e n ic  c e l ls  
a n d /o r  o s t e o in d u c t iv e  g ro w th  f a c to r s  w i th  o s te o c o n d u c t iv e  s c a f f o ld  ( C h u  e t a l . ,
2007). -

Basic principles of Tissue engineering

F i g u r e  2 .1  S c a f f o ld - g u id e d  t i s s u e  r e g e n e r a t io n .

T h e  s t r u c tu r a l  c u e s  in v o lv e  th e  in te r a c t io n  o f  c e l ls  w i th  th e i r  e x t r a c e l lu la r  
m a tr ix  (E C M ). T h e  E C M  is  th e  p a r t  o f  o u r  b o d y  w h ic h  g iv e s  i t s  f o rm  a n d  s h a p e .  F o r  
b o n e  t i s s u e  e n g in e e r in g ,  b o n e  c e l l s  ( o s te o b la s t s ,  o s te o c la s t s ,  o s t e o c y te s )  e x i s t  in  a  
s y m b io t ic  r e la t io n s h ip  w ith  th e  E C M . T is s u e  e n g in e e r in g  te c h n iq u e s ,  a s
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d e m o n s t r a te d  in  F ig u r e  2 .1 ,  th u s  in v o lv e  m im ic k in g  th e  n a tu r a l  b e h a v io r  b y  p l a c in g  
th e  c e l ls  a n d  g r o w th  f a c to r s  in  s y n th e t ic  s c a f fo ld s  th a t  a c t  a s  t e m p o r a r y  E C M s . O n e  
o f  th e  g o a ls  o f  t i s s u e  e n g in e e r in g  is  to  d e v e lo p  m e th o d  to  p r o d u c e  th e  b io lo g ic a l  
s u b s t i tu te s  th a t  w i l l  r e s to r e ,  m a in ta in  o r  e v e n  im p r o v e  t i s s u e  o r  o rg a n  f u n c t io n s .

T h e  id e a l  s c a f f o ld s  f o r  t i s s u e  e n g in e e r in g  s h o u ld  m e e t  s e v e r a l  d e s ig n  
c r i te r ia :  ( i )  T h e  s u r f a c e  s h o u ld  b e  b io c o m p a t ib le  to  a l lo w  c e l l  g r o w th ,  a t ta c h m e n t ,  
p r o l i f e r a t io n  a n d  d i f f e r e n t ia t io n  w i th o u t  e l i c i t in g  a n  im m u n e  r e s p o n s e  d u e  to  to x ic i ty  
o f  th e  m a te r ia l ,  ( i i )  T h e  s c a f f o ld s  s h o u ld  b e  th r e e  d im e n s io n a l  s t r u c tu r e s  w i th  h ig h  
p o r o s i ty ,  h ig h  s u r f a c e  to  v o lu m e  a n d  a n  in te r c o n n e c te d  p o r e  n e tw o r k  f o r  c e ll  in 
g r o w th  a n d  th e  f lo w  t r a n s p o r ta t io n  o f  n u t r ie n t s  a n d  m e ta b o l i c  w a s te  th r o u g h  a n d  o u t  
o f  th e  s c a f fo ld s  ( i i i )  T h e  s c a f f o ld  s h o u ld  b e  b io d e g r a d a b le  w i th  c o n t r o l l a b le  r a te  a n d  
e v e n tu a l ly  e l im in a te d  o r  d e g r a d e d  b y  e n z y m e s  a n d /o r  c i r c u la t in g  b io lo g ic a l  f lu id .
( iv )  T h e  m a te r ia l  s h o u ld  b e  r e p r o d u c ib ly  p r o c e s s a b le  in to  th re e - d im e n s io n a l  s t r u c tu r e
( v )  T h e  s u r f a c e  c h e m is t r y  o f  th e  s c a f fo ld  s h o u ld  b e  s u i ta b le  to  in d u c e  c e l l  
a t t a c h m e n t ,  p r o l i f e r a t io n  a n d  f u r th e r  d i f f e r e n t ia t io n ;  a n d  ( v i)  T h e  d e s ig n  o f  b o n e  
t i s s u e  e n g in e e r in g  s c a f f o ld s  s h o u ld  m a in ta in  a p p r o p r ia te  m e c h a n ic a l  s t a b i l i ty  a t  th e  
s i t e  o f  im p la n ta t io n  {In v iv o )  ( H u tm a c h e r  e t a l . ,  2 0 0 0 ) .  A  n u m b e r  o f  th r e e -  
d im e n s io n a l  p o r o u s  s c a f f o ld s  f a b r ic a te d  f ro m  v a r io u s  k in d s  o f  b io d e g r a d a b le  
m a te r ia ls  h a v e  b e e n  d e v e lo p e d  a n d  u s e d  f o r  t i s s u e  e n g in e e r in g  o f  l i v e r ,  b la d d e r ,  
n e r v e ,  s k in , c a r t i l a g e ,  l ig a m e n t ,  b o n e ,  e tc  ( C h e n  e t a l., 2 0 0 2 ;  S a lg a d o  e t a l.,  2 0 0 4 ) .

S e v e r a l  m a te r ia ls  h a v e  b e e n  u s e d  o r  s y n th e s iz e d  a n d  f a b r ic a te d  in to  
s c a f f o ld s  f o r  t i s s u e  e n g in e e r in g  a p p ro a c h .  S y n th e t ic  a n d  n a tu r a l  in o r g a n ic  c e r a m ic  
( e .g .  h y d r o x y a p a t i t e  a n d  t r ic a lc iu m  p h o s p h a te )  h a v e  b e e n  in v e s t ig a te d  a s  c a n d id a te  
s c a f fo ld  m a te r ia l  f o r  b o n e  t i s s u e  e n g in e e r in g  ( B u r g  e t a l ,  2 0 0 0 ) .  T h i s  i s  b e c a u s e  
th e s e  c e r a m ic s  is  e x a c t ly  l i k e  th e  n a tu r a l  in o r g a n ic  c o m p o n e n t  o f  b o n e  a n d  h a v e  
o s t e o c o n d u c t iv e  p r o p e r t ie s  ( L e ,  G e r o s . ,  2 0 0 2 ) .  H o w e v e r ,  th e s e  c e r a m ic s  a r e  
in t r in s i c a l ly  b r i t t l e  a n d  c a n n o t  m a tc h  th e  m e c h a n ic a l  p r o p e r t ie s  o f  b o n e .  M o re o v e r ,  
c e r a m ic  s c a f f o ld s  c a n n o t  b e  e x p e c te d  to  b e  a p p r o p r ia te  f o r  th e  g r o w th  o f  s o f t  t i s s u e s  
( e .g .  h e a r t  m u s c le  t i s s u e )  c o n s id e r in g  th a t  th e s e  t i s s u e s  p o s s e s s  d i f f e r e n t  c e l lu la r  
r e c e p to r s  a n d  m e c h a n ic a l  p r o p e r ty  r e q u i r e m e n ts .  I t s h o u ld  b e  c o n s id e r e d  th a t  b o n e  is  
a  c o m p o s i te  c o n s is t in g  a  p o ly m e r  m a tr ix  r e in f o r c e d  w i th  c e r a m ic  p a r t i c le s ,  w h ic h  
p o ly m e r  is  th e  p r o te in  c o l la g e n ,  3 0 % , a n d  h y d r o x y a p a t i t e  ( H A ) ,  7 0 %  . T h e r e f o r e ,
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s y n th e t ic  a n d  n a tu r a l  p o ly m e r s  a r e  a n  a t t r a c t iv e  a l t e rn a t iv e  a n d  v e r s a t i le  in  th e i r  
a p p l ic a t io n s  to  th e  g r o w th  o f  m o s t  t i s s u e s  ( S a c h lo s  e t a l, 2 0 0 3 ) .

M o s t  n a tu r a l  p o ly m e r s  u s e d  in  b o n e  t i s s u e  e n g in e e r in g  ( s u c h  a s  c o l la g e n ,  
f ib r in ,  a lg in a te ,  s i lk ,  h y a lu r o n ic  a c id , a n d  c h i to s a n )  a r e  b io c o m p a t ib le ,  b io d e g r a d a b le  
a n d  s o lu b i l i z e d  in  p h y s io lo g ic a l  f lu id . H o w e v e r ,  th e i r  d r a w b a c k s  a r e  
im m u n o g e n ic i ty ,  d i f f i c u l ty  in  p r o c e s s in g ,  a n d  a  p o te n t ia l  r is k  o f  t r a n s m i t t in g  a n im a l-  
o r ig in a te d  p a th o g e n s .  In  a d d i t io n ,  n a tu r a l  p o ly m e r s  h a v e  h ig h  m o le c u la r  w e ig h t ,  
w h ic h  m a k e  i t  d i f f ic u l t  to  p r o c e s s  ( L e e ,  S -H .,  a n d  S h in , H .,  2 0 0 7 ) .  M a n y  r e s e a r c h e r s  
a r e  in te r e s te d  in  s y n th e t ic  p o ly m e r  f o r  u s e  a s  t i s s u e  e n g in e e r in g  s u b s t r a te  in s te a d  o f  
n a tu r a l  p o ly m e r  b e c a u s e  i t  in d e e d  p r o v id e s  e x c e l le n t  c h e m ic a l  a n d  m e c h a n ic a l  
p r o p e r t ie s  th a t  n a tu r a l  p o ly m e r s  u s u a l ly  fa il  to  p o s s e s s .  S y n th e t ic  p o ly m e r s  p r o v id e  
le s s  d a n g e r  o f  im m u n o g e n ic i ty  a n d  th e  g re a t  a d v a n ta g e  o f  s y n th e t ic  p o ly m e r  is  i ts  
e a s y  p r o c e s s ib i l i ty  w i th  c o n t r o l l a b le  p r o p e r t ie s  s u c h  â s  m e c h a n ic a l  s t r e n g th  a n d  
c h e m ic a l  p r o p e r t ie s .  T h e  m o s t  w id e ly  u s e d  s y n th e t i c ' p o ly m e r  i s  p o ly e s te r - ty p e  
p o ly m e r  s u c h  a s  p o ly ( L - la c t i c  a c id ) ,  p o ly ( g ly c o l ic  a c id ) ,  p o ly ( s - c a p r o la c to n e ) ,  
p o ly ( L - la c t id e ) ,  p o ly g ly c o l id e  a n d  t h e i r  c o p o ly m e r  ( p o ly ( la c t id e - c o - g ly c o l id e ) )  s in c e  
th e y  p o s s e s s  g o o d  m e c h a n ic a l  p r o p e r ty ,  lo w  im m u n o g e n ic i ty ,  n o n - to x ic i ty  a n d  
b io d e g r a d a b le  w i th  a n  a d ju s ta b le  d e g r a d a t io n  r a te .  D e g r a d a t io n  o f  th e s e  s y n th e t ic  
p o ly m e r s  m a y  o c c u r  v i a  h y d r o ly t i c  p a th w a y  a n d  e n z y m a t ic  c le a v a g e  o f  e s te r  c h a in  in  
p o ly e s te r s  in to  w a te r  s o lu b le  o l ig o m e r s  a n d  m o n o m e r s  th a t  c a n  b e  e l im in a te d  f ro m  
th e  im p la n t  s i te .  In  a d d i t io n ,  th e  d e g r a d a t io n  m e c h a n is m  a n d  b y - p r o d u c t  a r e  n o t  
a f fe c t  th e  s u r r o u n d in g  c e l l s ,  a c t iv a t in g  th e  im m u n e  r e s p o n s e  th a t  c a u s e s  th e  
in f l a m m a t io n  o r  to x ic i ty .  T a b le  2 .1  d e m o n s t r a te s  th e  e x a m p le  o f  p o ly e s te r - ty p e  
p o ly m e r  in  m a n y  ty p e  o f  fo rm s  a n d  p r e p a r a t io n  m e th o d s  f o r  t i s s u e  e n g in e e r in g  
a p p l ic a t io n .
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Table 2.1 P olyester-typ e p o lym er in m any type o f  form s and preparation m ethods
used for tissu e  en g in eerin g  application.

C a r r i e r
m a te r ia l

G r o w th
F a c to r

M a t r ix  ty p e C o m b in a t io n
m e th o d

A n im a l
m o d e l

R e fe re n c e

PLGA rhBMP-2 Microsphere Suspension Rat (Woo e t  a l . , 2001)

PLGA IGF-1 Microsphere Double emulsion 
/sovent evaporation Sheep (Meinel e t  a l . , 2003)

Heparin-
PLGA BMP-2 2- D film and

3- D scaffold Impregnation BMSCs 
from rabbit (Huang e t  a l . , 2004)

PLGA BMP-2 Scaffold Mixing Rat(female) (Jeon e t  a i ,  2007)

PLGA rhBMP-7 Nanosphere in PLLA 
scaffold

Double emulsion tech
nique encapsulation

Rat (male) (Wei e t  a l . , 2007)

PLGA BMP-2
Microsphere 

embedded in gelatin 
hydrogel

- Rat (Kempen e t  a l . , 2008)

PLGA rhBMP-7 
and rhIGF-1 Microsphere Microencapsulation liMSC (Wang e t  a l . , 2009)

PLGA rhBMP-2 Scaffold Plasma treatment

OCT-1 
osteoblast

like cell 
from mouse 

calvarias

(Shen e t  a l . , 2009)

PLGA IGF-1
Microparticle 

embedded into silk 
fibroin scaffold

Encapsulation - (Wenk e t  a l . , 2009)

PLA-DX-
PEG rhBMP-2 Copolymer Mixing Mice

(muscle) (Yoneda e t  a l . , 2005)
PLA-PEG rhBMP-2 Copolymer Mixing Rat (Saito e t  a l . , 2003)
PDLLA IGF-1 and 

TGF-131
Thin film coated on 

the wire Mixing Rat (tibia) (Sumner e t  a l . , 2001)
PCL BMP-4 Scaffold Injection Rabbit (Savarino e t  a l . , 2007)
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2 .2  B a s ic  B o n e  B io lo g y

B o n e  is  a  h ig h ly  s p e c ia l iz e d  s u p p o r t  t i s s u e  w h ic h  i s  c h a r a c te r iz e d  b y  i t s  r i 
g id i ty  a n d  h a r d n e s s .  I t h a s  a  u n iq u e  c a p a b i l i ty  o f  s e l f - r e g e n e r a t in g  o r  s e l f - r e m o d e l in g  
to  a  c e r ta in  e x te n t  th r o u g h o u t  th e  l i f e  w i th o u t  le a v in g  a  s c a r  ( W u t t ic h a r o e n m o n g k o l , .  
p . ,  2 0 0 7 ) .  T h e  m a jo r  f u n c t io n s  o f  b o n e  a r e : ( l )  to  p r o v id e  s t r u c tu r a l  s u p p o r t  f o r  th e  
b o d y  (2 )  to  p r o v id e  p r o te c t io n  o f  v i ta l  o r g a n s  (3 )  to  p r o v id e  a n  e n v i r o n m e n t  fo r  
m a r r o w  (b o th  b lo o d  f o rm in g  a n d  fa t  s to ra g e )  (4 )  to  a c t  a s  a  m in e r a l  r e s e r v o i r  f o r  c a l
c iu m  a n d  p h o s p h a te  h o m e o s ta s i s  in  th e  b o d y . B o n e  is  m a d e  u p  o f  s u p p o r t  c e l l s  ( o s 
te o b la s t s  a n d  o s te o c y te s )  , r e m o d e l in g  c e l l s  ( o s te o c la s ts )  5 n o n - m in e r a l  m a t r ix  o f  c o l-  
la g e n e o u s  a n d  n o n c o l la g e n e o u s  p r o te in s  ( o s te o id )  a n d  in o r g a n ic  m in e ra l  s a l t s  d e p o 
s i te d  w i th in  th e  m a tr ix .  T h e  d e s c r ip t io n s  o f  e a c h  c o m p o s i t io n  a r e  f o l lo w s  a n d  s h o w n  
in  F ig u r e  2 .2 .

2 .2 .1  B o n e  C e l ls
T h r e e  d i s t in c t ly  d i f f e r e n t  c e l l  ty p e s  c a n  b e  f o u n d  w i th in  b o n e :  th e  m a 

t r ix - p r o d u c in g  o s te o b la s t ,  th e  t i s s u e - r e s o r b in g  o s t e o c la s t ,  a n d  th e  o s t e o c y te ,  w h ic h  
a c c o u n ts  f o r  9 0 %  o f  a ll  c e l l s  in  th e  a d u l t  s k e le to n .  ( S o m m e r f e ld t  e t a l .2 0 0 1 )  
O s t e o b l a s t s  w h ic h  a r e  th e  c e l l s  d e r iv e d  f ro m  m e s e n c h y m a l  s te m  c e l l s  a r e  r e s p o n s i 
b le  f o r  b o n e  m a tr ix  s y n th e s i s  a n d  i t s  s u b s e q u e n t  m in e r a l i z a t io n .  In  th e  a d u l t  s k e le to n ,  
th e  m a jo r i ty  o f  b o n e  s u r f a c e s  th a t  a r e  u n d e r g o in g  n e i th e r  f o r m a t io n  n o r  r e s o r p t io n  
( i .e . ,  n o t  b e in g  r e m o d e le d )  a r e  l in e d  b y  b o n e  l i n in g  c e l l s  ( th e  in a c t iv e  f o rm  o f  th e  o s 
te o b la s t )  a n d  p r o d u c e  o s te o id .  O s te o id  is  n o n - m in e r a l  m a tr ix  c o m p r i s e d  o f  ty p e  I c o l 
l a g e n  ( ~ 9 4 % )  a n d  n o n c o l la g e n o u s  p r o te in s .  T h e  h a r d n e s s  a n d  r ig id i t y  o f  b o n e  is  d u e  
to  th e  p r e s e n c e  o f  m in e ra l  s a l t  in  th e  o s te o id  m a t r ix ,  w h ic h  is  a  c r y s ta l l in e  c o m p le x  
o f  c a lc iu m  a n d  p h o s p h a te  ( h y d r o x y a p a t i te ) .
O s t e o c y t e  c e l l s  a r e  o s te o b la s ts  th a t  b e c o m e  in c o r p o r a te d  w i th in  th e  n e w ly  f o rm e d  
o s te o id  w h ic h  e v e n tu a l ly  b e c o m e s  c a lc i f ie d  b o n e .  O s te o c y te s  s i tu a te d  d e e p  in  b o n e  
m a tr ix  m a in ta in  c o n ta c t  w i th  n e w ly  in c o r p o r a te d  o s t e o c y te s  in  o s te o id ,  a n d  w i th  o s 
te o b la s t s  a n d  b o n e  l i n in g  c e l ls  o n  th e  b o n e  s u r f a c e s ,  th r o u g h  a n  e x te n s iv e  n e tw o r k  o f  
c e ll  p r o c e s s e s  ( c a n a l ic u l i ) .  T h e y  a r e  th o u g h t  to  b e  id e a l ly  s i tu a te d  to  r e s p o n d  to  
c h a n g e s  in  p h y s ic a l  f o rc e s  u p o n  b o n e  a n d  to  t r a n s d u c e  m e s s a g e s  to  th e  o s t e o b la s t i c  
c e l l s  o n  th e  b o n e  s u r f a c e ,  d i r e c t in g  th e m  to  in i t i a te  r e s o r p t io n  o r  f o r m a t io n  r e s p o n s e s .
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O s t e o c l a s t s  a r e  c e l l s  w i th  la r g e  m u l t in u c le u s  , l ik e  m a c r o p h a g e s ,  d e r iv e d  f ro m  th e  
h e m a to p o ie t i c  l in e a g e . O s te o c la s t s  o p e r a t e  in  r e s o r p t io n  o f  m in e r a l i z e d  t i s s u e  a n d  a re  
fo u n d  a t t a c h e d  to  th e  b o n e  s u r f a c e  a t  s i te s  o f  a c t iv e  b o n e  r e s o r p t io n .  T h e i r  
c h a r a c te r i s t i c  f e a tu r e  i s  a  r u f f le d  e d g e  w h e r e  a c t iv e  r e s o r p t io n  ta k e s  p l a c e  w i th  th e  
s e c r e t io n  o f  b o n e - r e s o r b in g  e n z y m e s ,  w h ic h  d ig e s t  b o n e  m a tr ix  ( S im o n ,S .R ,  1 9 9 4 ).

2 .2 .2  E x t r a c e l lu l a r  M a tr ix
T h e  e x t r a c e l lu la r  m a tr ix  ( E C M )  is  a  c o m p le x  s t r u c tu r a l  e n t i ty  s u r 

r o u n d in g  a n d  s u p p o r t in g  c e l l s  th a t  a r e  fo u n d  w i th in  m a m m a l ia n  t i s s u e s .  T h e  E C M  is  
o f te n  r e f e r r e d  to  a s  th e  c o n n e c t iv e  t i s s u e .  T h e  E C M  is  c o m p o s e d  o f  2 m a jo r  c la s s e s  
o f  s u b s ta n c e s :

2 .2 .2 .1  O rg a n ic  S u b sta n ce  co n ta in s 2 5 %  o f  E C M
It is  c o m p o s e d  o f  2  m a jo r  c o m p o n e n ts ;  c o l la g e n e o u s  p r o te in s  

a n d  n o n c o l la g e n e o u s  p r o te in s .  C o l la g e n e o u s  p r o te in s  m a in ly  c o n s is t  o f  9 0 %  - 
c o l la g e n  ty p e  I. C o l la g e n s  a r e  th e  m o s t  a b u n d a n t  p r o te in s  f o u n d  in  th e  a n im a l  
k in g d o m . I t is  th e  m a jo r  p r o te in  c o m p r is in g  th e  E C M . A n o th e r  ty p e  i s  
n o n c o l la g e n e o u s  p r o t e in s  in c lu d in g  (1 )  G ly c o p r o te in s  s u c h  a s  o s te o n e c t in ,  b in d in g  
C a 2+ a n d  c o l la g e n  a n d  n u c le a t in g  h y d r o x y la p a t i te  a n d  o s t e o p o n t in ,c o n s t i t u e n t  o f  
c e m e n t  l in e ;  in v o lv e d  in  b o n e  r e m o d e l in g  ( S a lg a d o  e t a l, 2 0 0 4 )  (2 )  O s te o c a lc in  is  
lo w  m o le c u la r  w e ig h t  p r o te in  e m b e d d e d  in  th e  e x t r a c e l lu la r  m a t r ix  h a v in g  im p o r t a n t  
s ig n a l in g  f u n c t io n s  ( b o n e  m o r p h o g e n e ic  p r o te in s ,  g r o w th  f a c to r s ,  c y to k in e s  a n d  
a d h e s io n  m o le c u le s )  o r  p l a y in g  a  r o le  d u r in g  th e  m in e r a l i z a t io n  p r o c e s s  ( o s te o p o n t in ,  
o s t e o n e c t in ,  m a t r ix - g la p r o te in )  ( S o m m e r f e ld t  e t a l,  2 0 0 1 )  5 ( 3 )  P r o te o g ly c a n s  a r e  
c o m p le x  p r o te in s  a n d  lo n g  c h a in s  o f  r e p e a t in g  d i s a c c h a r id e  u n i t s  c a l l e d  
g ly c o s a m in o g ly c a n s  ( G A G s  s u c h  a s  h y a lu r o n ic  a c id ,  c h o n d r o i t in  s u l f a te ,  h e p a r in ,  
h e p a r a n  s u l f a te ) .  P r o te o g ly c a n s  m a y  a ls o  h e lp  to  t r a p  ( W e in e r  ร . ,  a n d  T r a u b  พ . ,  
1 9 9 2 )  a n d  s to re  w i th in  th e  E C M  l ip id s  ( g r o u n d  s u b s ta n c e ) ,  a n d  (4 )  y -  
c a r b o x y g lu ta m ic  a c id  c o n ta in in g  p r o te in s  ( v i t a m in  K  d e p e n d e n t ) .

2 .2 .2 .2  In o rg a n ic  S u b sta n ce  co n ta in s 70  %  o f  E C M
I t is  c o m p o s e d  o f  c r y s ta l l in e  c o m p le x e s  o f  c a lc iu m  a n d  

p h o s p h a te  ( h y d r o x y a p a t i te ) .  [ C a I0( P O 4)6( O H ) 2] , a  p l a te - l ik e  c r y s ta l  (2 0  to  8 0 )  n m  in  
le n g th  w i th  th e  th ic k n e s s  (2  to  5 )  n m . S in c e  it is  f o u r  t im e s  s m a l le r  th a n  n a tu r a l ly
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o c c u r r in g  a p a t i te s  a n d  le s s  p e r f e c t  in  s t r u c tu r e ,  it  is  m o r e  r e a c t iv e  a n d  s o lu b le  a n d  
f a c i l i ta te s  c h e m ic a l  tu r n o v e r  ( W e in e r ,ร . ,  a n d  T r a u b ,พ . ,  1 9 9 2 ).

spongy Bone

Marrow

Compact Bone

COMPACT BONE
/ —  Osteoid (Uncalctfied 

Bone Matrix!

Periosteum

Osteoblast 
Precursor Cell

F i g u r e  2 .2  B o n e  m a tr ix .

F i g u r e  2 .3  T h r e e  d i s t in c t ly  d i f f e r e n t  b o n e  c e l l  ty p e s .  P ic tu r e  f ro m  
h t tp : / / c e l l .u tm b .e d u

http://cell.utmb.edu
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B o n e s  a r e  c o n s ta n t ly  m a in ta in e d  th r o u g h  a  p r o c e s s  k n o w n  a s  r e m o d e l in g .  
T h e  tw o  b o n e  r e m o d e l in g  p h a s e s  a r e  r e s o r p t io n  a n d  f o rm a t io n .  W h e n  e q u i l ib r iu m  o f  
b o n e  lo s s  a n d  b o n e  f o r m a t io n  is  m a in ta in e d ,  th e n  a  h e a l th y  b o n e  s ta te  is  a c h ie v e d . 
H o w e v e r ,  a  d i s r u p t io n  o f  th is  h e a l th y  b a la n c e  o f  r e s o r p t io n  a n d  f o r m a t io n  p r o c e s s  
c a n  c a u s e  th e  b o n e  to  w e a k e n  o v e r  t im e  d u e  to  h o r m o n a l  c h a n g e s ,  in ju r ie s ,  a g in g  o r  
o th e r  f a c to r s .  T h is  r e m o d e l in g  s ta g e  i s  c o m p o s e d  o f  tw o  c e l l s  th a t  a r e  r e s p o n s ib l e  fo r  
th is  v i ta l  a c t iv i ty  o f  b r e a k in g  d o w n  “ o ld ”  b o n e  a n d  c o n t in u o u s ly  r e b u i ld in g  “ n e w ”  
b o n e . T h e  tw o  c e l l s  a r e  o s te o b la s t  c e l l s  ( r e s p o n s ib le  fo r  a d d in g  n e w  c o l la g e n  a n d  
m in e r a ls  to  b o n e s .  O s te o b la s ts  a r e  r e s p o n s ib l e  f o r  th e  s e c o n d  h a l f  o f  s k e le ta l  
m a in te n a n c e ;  th e s e  c e l l s  a r e  k n o w n  a s  th e  “ b o n e  c r e a to r s .” )  a n d  o s t e o c la s t  c e l ls  
( la rg e  c e l l s  r e s p o n s ib l e  f o r  r e m o v in g  m in e r a ls  a n d  c o l la g e n  f r o m  b o n e .  O s te o c la s t s  
p e r f o r m  th e  f ir s t  s te p  in  b o n e  m a in te n a n c e ;  t h e y  a r e  k n o w n  a s  th e  “ b o n e  
d e s t r o y e r s .” ). T h e  e n t i r e  r e m o d e l in g  c y c le  f o r  a n  a d u l t  o c c u r s  o v e r  a  th r e e - y e a r  
p e r io d .

2 .3 .1  P r o c e s s  o f  B o n e  R e m o d e l in g
T h e  c y c le  w h e r e  n e w  b o n e  f o r m a t io n  a n d  r e s o r p t i o n  o c c u r ,  i s  r e f e r r e d  

to  a s  b o n e  r e m o d e l in g .  O s te o c la s t s  ( b o n e - r e s o r b in g  c e l l s )  a r e  t r a n s p o r te d  to  th e  b o n e  
b y  b lo o d ,  a n d  a t t a c h  th e m s e lv e s  to  th e  b o n e  a n d  r e le a s e  a c id s  a n d  e n z y m e s ,  w h ic h  
r e s o rb  th e  e x i s t in g  b o n e  s t r u c tu r e .  A f te r  th e  o s t e o c la s t s  r e s o r b  th e  b o n e  a n d  
d i s a p p e a r ,  o s te o b la s ts  a p p e a r  a n d  c o a t  th e  r e s o r b e d  a r e a  w i th  a d h e s iv e  s u b s ta n c e s  
a n d  p r o d u c e  b o n e  p r o te in s  s u c h  a s  c o l la g e n  to  h e lp  c a lc iu m  a d h e r e  to  th e  b o n e  
p r o te in s .  A f te r  th i s  s ta g e  i s  c o m p le te d ,  n e w  b o n e  f o rm s . B o n e  r e m o d e l in g  is  
a c c o m p l is h e d  b y  te a m s  o f  b o n e  f o r m in g  c e l l s  ( o s te o b la s t s )  a n d  b o n e  r e s o r b in g  c e lls  
( o s te o c la s ts )  th a t  w o r k  to g e th e r  in  s o - c a l le d  b a s i c  m u l t i c e l lu l a r  u n i t s  ( B M U s ) .

2.3 Bone Remodeling
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Osteoclasts (Bone-resorbing cells) are earned to the old bone
>

.... ..... ...... i

f i t
Osteoclasts attach themselves to the old bone.

[ ; ' - ........ ; -•
Acid and enzyme released by osteoclasts dissolve the bone tissue.

te kji ft e Osteoclast disappeared after resorbing bone.
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Osteoblasts (Bone-forming celt) appear. พ

'*0'
Osteoblasts produce bone proteins such ลร collagen and coat it with an adhesive substances.Catcium adheres to the collagen.

New bone tissue Is formed. ^
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FORMATION

Stimulation of ผนohiitl difTcrrnlialioo

BONK RKMJKPIIOV

F ig u r e  2 .4  B o n e  r e m o d e l in g  m e c h a n is m .

2 .3 .2  B o n e  R e m o d e l in g  a n d  th e  O s te o c la s t .
B o n e  r e m o d e l in g  is  a  s e n s i t iv e ,  d y n a m ic  p r o c e s s  w h ic h  b e g in s  w i th  a  

p e r io d  o f  o s te o c la s t  r e c r u i tm e n t  a n d  b o n e  r e s o rp t io n .  T h e  f o r m a t io n  a n d  a c t iv i ty  o f  
th e s e  la rg e , m u l t in u c le a te d  c e l l s  is  m e d ia te d  p r im a r i ly  v i a  o s t e o c la s to g e n ic  f a c to r s  
a n d  c e l l - to -c e l l  in te r a c t io n s  w i th  v a r io u s  c o n s t i t u e n ts  o f  t h e  b o n e  m ic r o e n v i r o n m e n t .  
T h e  in a p p r o p r ia te  e x p re s s io n  a n d  a l te r e d  le v e l s  o f  th e s e  f a c to r s  r e s u l t s  in  th e  d y s r é 
g u la t io n  o f  o s te o c la s to g e n e s is  a n d  u n c o u p l in g  o f  th e  b o n e  r e m o d e l in g  p r o c e s s .  T h is  
f r e q u e n t ly  le a d s  to  th e  d e b i l i ta t in g  b o n e  lo s s  a s s o c ia te d  w i th  tu m o r - in d u c e d  b o n e  
d i s e a s e  a n d  d i s o r d e r s  s u c h  a s  o s te o p o r o s is  a n d  r h e u m a to id  a r th r i t is .

2 .3 .3  B o n e  R e m o d e l in g  a n d  th e  O s te o b la s t .
O s te o b la s t  d i f f e r e n t ia t io n  a n d  b o n e  f o r m a t io n  c a n  b e  c o n t r o l l e d  b y  a  

n u m b e r  o f  r e g u la to r y  m o le c u le s .  T G F -P  f o r  e x a m p le ,  is  a b u n d a n t  in  th e  b o n e  m a tr ix  
a n d  is  l ib e ra te d  in  la rg e  q u a n t i t i e s  f o l lo w in g  a  p e r io d  o f  b o n e  r e s o r p t io n .  B o n e  M o r 
p h o g e n e t ic  P r o te in s  ( B M P s )  a r e  b o n e - d e r iv e d  m o le c u le s  o f  th e  T G F - P  s u p e r f a m i ly ,  
w h ic h  p la y  a c le a r  r o le  in  th e  b o n e  r e m o d e l in g  p r o c e s s  a n d  a r e  c r i t ic a l  to  e m b r y o n ic  
d e v e lo p m e n t .  B M P s  h a v e  b e e n  s h o w n  to  s t im u la te  o s t e o b la s t  d i f f e r e n t ia t io n  a n d
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2 .4  O s s i f i c a t i o n

O s s i f ic a t io n  is  th e  p r o c e s s  o f  th e  s y n th e s i s  o f  b o n e  f r o m  c a r t i l a g e .  T h e r e  a r e  
tw o  ty p e s  o f  o s s i f ic a t io n ;  in t r a m e m b r a n o u s  a n d  e n d o c h o n d r a l  o s s i f ic a t io n .  B o n e  m a y  
b e  s y n th e s iz e d  b y  in t r a m e m b r a n o u s  o s s i f ic a t io n ,  e n d o c h o n d r a l  o s s i f i c a t io n ,  o r  a  
c o m b in a t io n  o f  . b o th .  I n t r a m e m b ra n o u s  o s s i f ic a t io n  is  th e  t r a n s f o r m a t io n  o f  th e  
m e s e n c h y m e ,  c e l ls  o f  a n  e m b r y o  in to  b o n e .  D u r in g  e a r ly  d e v e lo p m e n t  o f  v e r te b r a t e  
a n im a ls ,  th e  e m b r y o  c o n s is t s  o f  th re e  p r im a r y  c e l l  la y e rs :  e c to d e r m  o n  th e  o u ts id e ,  
m e s o d e r m  in  th e  m id d le ,  a n d  e n d o d e rm  o n  th e  in s id e .  M e s e n c h y m e  c e l l s  c o n s t i tu te  
p a r t  o f  th e  e m b r y o 's  m e s o d e r m  a n d  d e v e lo p  in to  c o n n e c t iv e  t i s s u e  s u c h  a s  b o n e  a n d  
b lo o d .  T h e  b o n e s  o f  th e  s k u ll  d e r iv e d  d i r e c t ly  f ro m  m e s e n c h y m e  c e l l s  b y  
in t r a m e m b r a n o u s  o s s i f i c a t io n .  E n d o c h o n d ra l  o s s i f ic a t io n  is  th e  g r a d u a l  r e p la c e m e n t  
o f  c a r t i l a g e  b y  b o n e  d u r in g  d e v e lo p m e n t .  T h is  p r o c e s s  is  r e s p o n s ib l e  f o r  f o r m a t io n  o f  
m o s t  o f  t h e  s k e le to n  o f  v e r te b r a te  a n im a ls .  In  th is  p r o c e s s ,  a c t iv e ly  d iv id in g  b o n e 
f o r m in g  c e l l s  ( o s te o b la s t s )  a r is e  in  r e g io n s  o f  c a r t i l a g e  c a l l e d  o s s i f i c a t io n  c e n te r s .  
T h e  o s t e o b la s ts  th e n  d e v e lo p  in to  o s te o c y te s ,  w h ic h  a r e  m a tu r e  b o n e  c e l l s  e m b e d d e d  
in  th e  c a lc i f i e d  ( h a r d e n e d )  p a r t  o f  th e  b o n e  k n o w n  a s  th e  m a tr ix .

D u e  to  a d v a n c e m e n t ,  t i s s u e  e n g in e e r in g  s t r a te g ie s  u t i l i z e  c o m b in a t io n  o f  
c e l l s ,  b io d e g r a d a b le  s c a f fo ld s ,  a n d  b io a c t iv e  m o le c u le s  ( s u c h  a s  p r o te in s ,  g r o w th  
f a c to r )  to  r u n  th r o u g h  n a tu r a l  p r o c e s s e s  o f  t i s s u e  r e g e n e r a t io n  a n d  d e v e lo p m e n t .  O n e  
a p p r o a c h  in  t i s s u e  e n g in e e r in g  in v o lv e s  th e  d e l iv e r y  o f  g r o w th  f a c to r s  f r o m  o p t im a l ly  
d e s ig n e d  b io d e g r a d a b le  c a r r ie r s  to  s t im u la te  c e l lu la r  a d h e s io n ,  p r o l i f e r a t io n ,  a n d  
d i f f e r e n t ia t io n  in  o r d e r  to  p r o m o te  b o n e  r e g e n e r a t io n .  T h e  r e s u l t s  f ro m  s y s t e m a t ic  
a d m in is t r a t io n  o f  g r o w th  f a c to r s  a r e  o f te n  u n p r e d ic ta b le ,  p r o b a b ly  d u e  to  th e i r  s h o r t  
b io lo g ic a l  h a l f  l i f e ,  la c k  o f  lo n g  te rm  s ta b i l i ty ,  t i s s u e  s p e c i f i c i ty ,  a n d  p o te n t ia l  d o s e  
d e p e n d e n t  c a r c in o g e n ic i ty .  T h e  c a r r ie r  p r im a r i ly  a c ts  a s  a  lo c a l  r e g u l a to r  to  c o n tro l  
d o s e s  a n d  k in e t ic s  o f  r e le a s e d  g r o w th  f a c to r ,  th u s  in c r e a s in g  th e i r  p o te n t ia l  r e te n t io n  
t im e  a t  th e r a p e u t ic  c o n c e n t r a t io n  le v e ls  r e c e n t ly  p l a y  a n  im p o r ta n t  ro le .  C a r r i e r s  w a s  
e x te n d e d  to  s e r v in g  a s  a  te m p o r a r y  s u b s t r a te  a n d  th r e e - d im e n s io n a l  m a tr ix  fo r

b on e form ation a lon g  w ith  in flu en cin g  osteoclast form ation and function , although
the m ech an ism s w h ich  underlie this process are still em erging.
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c e l lu la r  in f i l t r a t io n ,  in  w h ic h  c e l ls  c a n  g r o w  a n d  b e c o m e  p a r t i c u la r  t i s s u e  ty p e s  in  
c o n c e r t  w i th  d e g r a d a t io n  o f  th e  c a r r ie r  m a te r ia l .  T o w a r d  d e v e lo p m e n t  o f  a n  id e a l  
c a r r ie r  s y s te m  f o r  b o n e  r e g e n e r a t io n ,  th e r e  h a v e  b e e n  e x te n s iv e  in v e s t ig a t io n s  o n  
m a te r ia l  ty p e s  a n d  t h e i r  p r o c e s s in g  c o n d i t io n s .  N a tu r a l  a n d  s y n th e t ic  p o ly m e r s ,  
in o r g a n ic  m a te r ia ls ,  a n d  th e i r  c o m p o s i t e s  h a v e  b e e n  f o r m u la te d  in to  p o r o u s  
s c a f fo ld s ,  n a n o f ib r o u s  m e m b r a n e s ,  m ic r o p a r t i c le s ,  m ic r o s p h e r e ,  n a n o s p h e r e  a n d  
h y d r o g e ls .  P o r o u s  s c a f f o ld s  a r e  th e  h e a r t  o f  b o n e  t i s s u e  e n g in e e r in g  a p p ro a c h e s .  T h e  
f e a tu r e s  o f  s c a f f o ld s  a r e  im p o r ta n t  f o r  r e g e n e r a t io n  o f  b o n e ,  w h ic h  c a n  b e  p r e p a r e d  
b y  u s in g  t r a d i t io n a l  s c a f f o ld  m a n u f a c tu r in g  te c h n o lo g ie s ,  s u c h  a s  f ib e r  b o n d in g ,  
s o lv e n t  c a s t in g ,  s o lu t io n  c a s t in g  p a r t i c u la t e  l e a c h in g ,  m e m b r a n e  la m in a t io n ,  
h y d r o th e r m a l ,  im p r e g n a t io n ,  g a s  f o a m in g ,  p h a s e  s e p a r a t io n ,  m e l t  m o u ld in g ,  
e m u ls io n  f r e e z e  d r y in g ,  f r e e z e  d r y in g ,  a n d  e le c t r o s p in n in g  f ib r e  m e s h e s / f ib r e  
b o n d in g  in  m a n y  f o r m s  ( m ic r o p a r t ic le ,  m ic r o s p h e r e ,  h y d r o g e l ,  s c a f fo ld  e tc .)  
M ic r o p a r t ic l e  a r e  p a r t i c le s  b e tw e e n  0 .1  a n d  1 0 0  p m  in  s iz e  h a v in g  a  m u c h  la r g e r  
s u r f a c e - to - v o lu m e  r a t io  th a n  a t  th e  m a c r o s c a le ,  a n d  th u s  th e i r  b e h a v io r  c a n  b e  q u i te  
d i f f e r e n t .  M ic r o s p h e r e  r e f e r s  a s  s m a ll  s p h e r ic a l  u n i t s  th a t  c a n  c o n ta in  p r o te in ,  g r o w th  
f a c to r s  a n d  o th e r  s u b s ta n c e s  in s id e ,  a n d  c a n  r e le a s e  th o s e  s u s ta n c e s  o v e r  a  d e s i r e d  
p e r io d  o f  t im e  a n d  u s e d  a s  c a r r ie r s  o f  p h a r m a c e u t ic a l  s u b s ta n c e s  ( M e in e l  e t a l.2 0 0 3 ) .  
H y d r o g e ls  a r e  th r e e - d im e n s io n a l ly  s t r u c tu r e d  n e tw o r k s  o f  h y d r o p h i l i c  p o ly m e r s  
c o n ta in in g  a  la r g e  a m o u n t  o f  w a te r ,  g e n e r a l ly  m o r e  th a n  5 0 %  o f  th e  to ta l  w e ig h t .  
H y d r o g e ls  c a n  b e  f o r m e d  th ro u g h  c h e m ic a l  o r  p h y s ic a l  c r o s s l in k  o f  p o ly m e r .  G r o w th  
f a c to r  c a n  b e  r e g u la te d  b y  c o n t r o l l in g  th e  c h e m ic a l  a n d  p h y s ic a l  p r o p e r t i e s  o f  th e  
h y d r o g e ls  f ro m  a  f e w  d a y s  to  s e v e r a l  m o n th s  d e p e n d in g  o n  th e  t i s s u e  ty p e  ( L e e ,
K .Y .,  a n d  Y u k ,  S .H ., 2 0 0 7 ) .  H y d r o g e l  d o e s  n o t  a lw a y s  fu n c t io n  a s  a  g o o d  s c a f fo ld  o f  
m ig r a t io n ,  p r o l i f e r a t io n  o f  c e l l s ,  b e c a u s e  o f  n o  p o r o u s  s t r u c tu r e  n e c e s s a r y  f o r  c e l l  
in f i l t r a t io n .  A  d e l iv e r y  c a r r ie r  m a te r ia l  in  b o n e  t i s s u e  e n g in e e r in g  s h o u ld  m e e t  
g e n e ra l  d e s ig n  c r i t e r ia  m e n t io n e d  b e f o r e ;  b io c o m p a t ib le ,  b io d e g r a d a b le ,  th r e e -  
d im e n s io n a l  s t r u c tu r e  w i th  h ig h  p o r o s i ty  a n d  s o  o n . T h e r e fo re ,  th e  m e th o d s  u s e d  to  
f a b r ic a te  th e  s c a f f o ld s  o r  th e  f o rm s  o f  th e  s c a f f o ld  a r e  b o th  c r u c ia l  im p o r ta n t  to  
c o n s id e r .
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2 .5  S c a f f o ld  P r e p a r a t i o n  M e t h o d s

It is  im p o r t a n t  to  ta k e  in to  c o n s id e r a t io n  o f  th e  m e th o d  c h o s e n  to  p r o d u c e  a  
s c a f f o ld  w h ic h  c a n  g e n e r a te  d e s i r a b le  p r o p e r t i e s  o f  s c a f f o ld  f o r  t i s s u e  e n g in e e r in g  , 
s u c h  a s  p o r o s i ty ,  p o r e  s iz e ,  a n d  m e c h a n ic a l  s t r e n g th  a n d  to  e n s u r e  th a t  th e  m e th o d  
h a s  n o  a d v e r s e  e f f e c ts  o n  m e c h a n ic a l  p r o p e r ty  o r  b io c o m p a t ib i l i ty  o f  m a te r ia l .  
A n o th e r  c o n s id e r a t io n  is  th e  u s e  o f  h ig h  te m p e r a tu r e s  a n d  s e v e r e  c h e m ic a l s  d u r in g  
s c a f f o ld  p r e p a r a t io n  w h ic h  c a n  in a c t iv a te  th e  in c o r p o r a t io n  o f  b io a c t iv e  a g e n ts  (e .g . 
g r o w th  f a c to r s ,  p r o te in s ) .  S e v e r a l  te c h n iq u e s  h a v e  b e e n  d e v e lo p e d  to  p r o c e s s  
s y n th e t ic  a n d  n a tu r a l  s c a f fo ld  m a te r ia l s  in to  p o r o u s  s t r u c tu r e s .  A  d e s c r ip t io n  o f  th e  
d i f f e r e n t  c o n v e n t io n a l  s c a f fo ld  f a b r ic a t io n  t e c h n iq u e s  f o l lo w s .

2 .5 .1  S o lv e n t  C a s in g
S o lv e n t  c a s in g , a n  im p r o v e d  m e th o d  h a s  b e e n  f o u n d  f o r  m a k in g  a  f i lm  

b y  c a s t in g  a  f i lm  o f  a  h o t  c o n c e n t r a te d  p o ly m e r  s o lu t io n  in  o r g a n ic  s o lv e n t  o n to  a  
c o o le d  s u r f a c e  to  p r o v id e  a  f i lm  c o n s is t in g  o f  p o ly m e r  a n d  v o la t i le  s o lv e n t ,  w h e r e  th e  
f i lm  is  c o n ta c te d  w i th  a q u e o u s  m e d iu m  to  s u b s ta n t ia l ly  r e m o v e  th e  s o lv e n t  f ro m  th e  
f i lm  a n d  in c o r p o r a te  w a t e r  i n te r n a l ly  ( U n i te d  S ta te s  P a te n t  4 4 0 5 5 5 0 ) .  T h e  p r o c e s s  o f  
s o lv e n t  c a s t in g  is  s h o w n  in  F ig u r e  2 .5 .

ThermalTreatment

Solution Transparent Opaque

F i g u r e  2 .5  P o ly m e r  f i lm  f a b r ic a t io n  u s in g  s o lv e n t  c a s t  f i lm .

2 .5 .2  S o lv e n t - C a s t in g  P a r t i c u la te - L e a c h in g

T h i s  te c h n iq u e  is  s o lv e n t  c a s t i n g  u s in g  p a r t i c u la t e  p o r o g e n s  to  fo rm  
s p o n g e - l ik e  s c a f fo ld s .  S C P L  in v o lv e s  th e  d i s s o lu t io n  o f  th e  p o ly m e r  in  s u i ta b le
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o r g a n ic  s o lv e n  m ix in g  w i th  p o ro g e n  ( p o r o g e n  c a n  b e  a n  in o r g a n ic  s a l t  l ik e  s o d iu m  
c h lo r id e ,  c r y s ta ls  o f  s a c c h a r o s e ,  g e la t in  s p h e r e s  o r  p a r a f f in  s p h e re s ) .  T h e  s iz e  o f  th e  
p o r o g e n  p a r t i c le s  w i l l  a f f e c t  th e  s iz e  o f  th e  s c a f f o ld  p o r e s ,  w h i l e  th e  p o ly m e r  to  
p o ro g e n  r a t io  is  d i r e c t ly  c o r r e la te d  to  th e  a m o u n t  o f  p o r o s i ty  o f  th e  f in a l  s t r u c tu r e .  
T h e  s o lv e n t  is  s u b s e q u e n t ly  e v a p o r a te d ,  th e n  th e  c o m p o s i te  s t r u c tu r e  in  th e  m o ld  is  
im m e r s e d  in  a b a th  o f  a  l i q u id  s u i ta b le  f o r  d i s s o lv in g  th e  p o r o g e n  ( e .g .  w a te r  in  c a s e  
o f  s o d iu m  c h lo r id e ,  s a c c h a r o s e  a n d  g e la t in  o r  a n  a l ip h a t ic  s o lv e n t  l i k e  h e x a n e  fo r  
p a r a f f in ) .  O n c e  th e  p o ro g e n  h a s  b e e n  f u l ly  d i s s o lv e d  a  p o r o u s  s t r u c tu r e  is  o b ta in ed -. 
T h e  m a in  a d v a n ta g e s  o f  th is  t e c h n iq u e  a r e  th e  e a s e  o f  p r o c e s s in g  w i th o u t  th e  n e e d  o f  
s p e c ia l iz e d  e q u ip m e n t  a n d  th e  p o re  s iz e ,  p o r o s i ty  o f  th e  p o r o u s  m a te r ia l s  c a n  b e  
c o n t r o l le d  b y  th e  p o ro g e n  p a r t i c le  s iz e  a n d  c o n c e n t r a t io n  ( M ik o s  e t a i ,  1 9 9 3 ; 
E d w a r d s  e t a l., 2 0 0 4 ) .  O n  th e  o th e r  h a n d ,  th e  s m a l l  th ic k n e s s  r a n g e  th a t  c a n  b e  
o b ta in e d .  A n o th e r  d r a w b a c k  o f  th is  m e th o d  is  i t s  u s e  o f  o r g a n ic  s o lv e n ts  w h ic h  m u s t  
b e  f u l ly  r e m o v e d  to  a v o id  a n y  p o s s ib l e  d a m a g e  to  th e  c e l ls  s e e d e d  o n  th e  s c a f fo ld .

2 .5 .3  G a s  F o a m in g
A  b i o d e g r a d a b l e  p o ly m e r ,  s u c h  a s  P L G A  is  s a tu r a te d  w i th  c a r b o n  

d io x id e  ( C 0 2) a t h ig h  p r e s s u r e s  ( M o o n e y  e t a l., 1 9 9 6 ). T h e  s o lu b i l i ty  o f  th e  g a s  in  
th e  p o ly m e r  i s  th e  d e c r e a s e d  r a p id ly  b y  b r in g in g  th e  C O 2 p r e s s u r e  b a c k  to  
a tm o s p h e r ic  le v e l. T h i s  r e s u l t s  in  n u c lé a t io n  a n d  g r o w th  o f  g a s  b u b b le s ,  o r  c e l l s ,  w i th  
s iz e s  r a n g in g  b e tw e e n  ( 1 0 0  to  5 0 0 )  p m  in  th e  p o ly m e r .T h i s  t e c h n iq u e  h a s  b e e n  
d e v e lo p e d  to  o v e r c o m e  th e  n e c e s s i ty  to  u s e  o r g a n ic  s o lv e n ts  a n d  s o l id  p o r o g e n s .  u p  
to  9 3 %  a n d  1 0 0  m m  o f  p o r o s i t i e s  a n d  p o r e  s iz e s  c a n  b e  o b ta in e d  u s in g  th is  t e c h 
n iq u e , b u t  th e  p o r e s  a r e  l a r g e ly  u n c o n n e c te d ,  e s p e c ia l ly  o n  th e  s u r f a c e  o f  th e  fo a m , 
m a k in g  c e ll  s e e d in g  a n d  m ig r a t io n  w i th in  th e  fo a m  d i f f ic u l t .  M o r e o v e r ,  th e  h ig h  
te m p e r a tu r e s  in v o lv e d  in  th e  d i s c  f o r m a t io n  p r o h ib i t  th e  in c o r p o r a t io n  o f  c e l l s  o r  b i o 
a c t iv e  m o le c u le s  a n d  th e  u n c o n n e c te d  p o r e  s t r u c tu r e  ( M ik o s  e t a l., 2 0 0 0 ) .

2 .5 .4  G a s  F o a m in g /S a l t  L e a c h in g  M e th o d
T h i s  t e c h n iq u e  is  b a s e d  o n  th e  id e a  th a t  s ie v e d  s a l t  p a r t i c le s  o f  

a m m o n iu m  b ic a r b o n a te  d i s p e r s e d  w i th in  a  p o ly m e r - s o lv e n t  m ix tu r e  g e n e r a t e s  
a m m o n ia  a n d  c a r b o n  d io x id e  g a s e s  w i th in  s o l id i f y in g  m a tr ic e s  u p o n  c o n ta c t  w i th  h o t  
w a te r ,  th e r e b y  p r o d u c in g  h ig h ly  p o r o u s  s t r u c tu r e s .  T h e s e  s c a f f o ld s  s h o w e d
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m a c r o p o r e  s t r u c tu r e s  o f  o v e r  2 0 0  p m  w i th  n o  v i s ib l e  s u r f a c e  s k in  la y e r ,  w h ic h  
p e r m it te d  s u f f i c ie n t  c e ll  s e e d in g  w i th in  th e  s c a f fo ld s .  P o r o s i t i e s  c o u ld  b e  c o n t r o l le d  
b y  th e  a m o u n t  o f  a m m o n iu m  b ic a r b o n a te  in c o r p o r a te d  to  th e  p o ly m e r .  M o r e o v e r ,  i t  
w a s  p o s s ib le  to  m a k e  v a r io u s  s c a f f o ld s  w i th  d i f f e r e n t  g e o m e tr ie s  a n d  s iz e s  b y  a  
h a n d - s h a p in g  o r  m o ld in g  p r o c e s s  b e c a u s e  th e  p o ly m e r - s a l t  m ix tu r e  b e c a m e  a  g e l  
p a s t e  a f te r  a  p a r t i a l  e v a p o r a t io n  o f  th e  s o lv e n t  ( L im  e t a l.,  2 0 0 8 ) .

2 .5 .5  F r e e z e  D r y in g
T h e  p r o c e s s  b y  w h ic h  w a te r  ( a n d  o th e r  s o lv e n ts )  a r e  r e m o v e d  f ro m  a  

f ro z e n  m a te r ia l  b y  s u b l im a t io n  a n d  p r o c e s s e s :  f r e e z in g ,  p r im a r y  d r y in g
( s u b l im a t io n ) ,  a n d  s e c o n d a r y  d r y in g  ( d e s o r p t io n ) .  S y n th e t ic  p o ly m e r s ,  s u c h  a s  
P L G A , a r e  d i s s o lv e d  in  g la c ia l  a c e t ic  a c id  o r  b e n z e n e .  T h e  r e s u l t a n t  s o lu t io n  i s  th e n  
f ro z e n  a n d  f r e e z e - d r ie d  to  y ie ld  p o r o u s  m a t r ic e s  ( H s u  e t a i ,  1 9 9 7 ).

2 .5 .6  E m u ls i f i c a t io n /F r e e z e - D r y in g
T h is  t e c h n iq u e  d o e s  n o t  r e q u i r e  th e  u s e  o f  a  s o l id  p o r o g e n  l ik e  

s o lv e n t - c a s t in g  p a r t i c u la t e - l e a c h in g .  A  s y n th e t ic  p o ly m e r  is  f i r s t ly  d i s s o lv e d  in to  a  
s u i ta b le  s o lv e n t  ( e .g . p o ly la c t i c  a c id  in  d i c h lo r o m e th a n e ) ,  w a t e r  is  th e n  a d d e d  to  th e  
p o ly m e r ic  s o lu t io n  a n d  th e  tw o  l iq u id s  a r e  m ix e d  in  o r d e r  to  o b ta in  a n  e m u ls io n .  
B e f o r e  th e  tw o  p h a s e s  c a n  s e p a r a te ,  th e  e m u ls io n  i s  c a s t  in to  a  m o ld  a n d  q u ic k ly  
f ro z e n  b y  im m e r s io n  in to  l iq u id  n i t r o g e n .  T h e  f r o z e n  e m u ls io n  i s  s u b s e q u e n t ly  
f r e e z e - d r ie d  to  r e m o v e  th e  d i s p e r s e d  w a t e r  a n d  th e  s o lv e n t ,  th e n  l e a v in g  a  s o l id i f i e d ,  
p o r o u s  p o ly m e r ic  s t r u c tu r e .  W h i l e  e m u ls i f i c a t io n  a n d  f r e e z e - d r y in g  a l lo w s  a  f a s t e r  
p r e p a r a t io n  i f  c o m p a r e d  to  s o lv e n t - c a s t in g  p a r t i c u la t e - l e a c h in g ,  A l th o u g h  i t  d o e s  n o t  
r e q u i r e  a  t im e  c o n s u m in g  le a c h in g  s te p , i t  s t i l l  r e q u i r e s  th e  u s e  o f  s o lv e n ts ,  p o r e  s iz e  
is  r e la t iv e ly  s m a l l  a n d  p o r o s i ty  is  o f te n  i r r e g u la r .  M o r e o v e r ,  F r e e z e - d r y in g  b y  i t s e l f  i s  
a l s o  a  c o m m o n ly  e m p lo y e d  te c h n iq u e  f o r  t h e  f a b r ic a t io n  o f  s c a f fo ld s .

2 .5 .7  T h e r m a l ly  I n d u c e d  P h a s e  S e p a r a t io n  ( T I P S )
T h e  f u n d a m e n ta l  c o n c e p t  o f  th is  m e th o d  i s  s im i l a r  to  th e  

e m u ls i f i c a t io n / f r e e z e - d r y in g  te c h n iq u e .  L iq u id - l iq u id  p h a s e  s e p a r a t io n  e m p lo y s  
th e r m o d y n a m ic  p r in c ip l e s  to  c r e a te  p o ly m e r - r ic h  a n d  p o ly m e r - p o o r  p h a s e s  w i th in  a  
p o ly m e r  s o lu t io n .  T h e  p o ly m e r  p o o r  p h a s e  is  th e n  r e m o v e d ,  l e a v in g  a  h ig h ly  p o r o u s  
p o ly m e r  n e tw o r k .T h e  p o ly m e r s  a r e  d i s s o lv e d  in  a  s o lv e n t  w i th  a  lo w  m e l t in g  p o in t  
a n d  th a t  is  e a s y  to  v o la t i l i z e ,  s u c h  a s  n a p h th a le n e ,  p h e n o l  o r  1 ,4  d io x a n e .  In  s o m e
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c a s e s ,  s m a l l  a m o u n ts  o f  w a te r  a r e  a d d e d  a s  a  n o n - s o lv e n t  to  in d u c e  p h a s e  s e p a r a t io n .  
T h e  p o ly m e r  s o lu t io n  is  c o o le d  b e lo w  th e  m e l t in g  p o in t  o f  th e  s o lv e n t  ( p o ly m e r  p o o r  
p h a s e )  a n d  th e n  v a c u u m  d r ie d  fo r  s e v e ra l  d a y s  to  in s u r e  c o m p le te  s o lv e n t  
s u b l im a t io n .  T h e  c o o l in g  p a r a m e te r s  f o r  th e  s o lu t io n  p l a y  a n  im p o r t a n t  r o le  m ~  
d e te r m in in g  th e  m o r p h o lo g y  o f  th e  r e s u l ta n t  s c a f f o ld  ( M ik o s  e t a i ,  2 0 0 0 ) .  L iq u id -  
l iq u id  p h a s e  s e p a r a t io n  p r e s e n ts  th e  s a m e  d r a w b a c k s  o f  e m u l s i f i c a t io n / f r e e z e - d r y in g .

2 .5 .8  P h a s e  S e p a r a t io n /E m u ls i f ic a t io n
T h is  m e th o d  is  b a s e d  o n  c o n c e p ts  o f  p h a s e  s e p a r a t io n .  W h a n g  e t  a l. 

( 1 9 9 5 )  p r e p a r e d  P L G A  b y  d i s s o lv in g  in  m e th y le n e  c h lo r id e  a n d  th e n  d i s t i l l e d  w a te r  
is  a d d e d  to  fo rm  a n  e m u ls io n .  T h e  p o ly m e r /w a te r  m ix tu r e  i s  c a s t  in to  a  m o ld  a n d  
q u e n c h e d  b y  p l a c in g  in  l iq u id  n i t r o g e n .  A f te r  q u e n c h in g ,  t h e  s c a f f o ld s  a r e  f re e z e -  
d r ie d  a t  - 5 5 ° c ,  r e s u l t in g  in  th e  r e m o v a l  o f  th e  d i s p e r s e d  w a t e r  a n d  p o ly m e r  s o lv e n ts .  
S c a f f o ld s  w i th  la r g e  p o r o s i t i e s  ( u p  to  9 5 % ) , b u t  s m a l l  p o re  s iz e s  (1 3  to  3 5 )  m m  h a v e  
b e e n  f a b r ic a te d  u s in g  th is  te c h n iq u e .  T h e s e  p a r a m e te r s  a r e  v e r y  d e p e n d e n t  o n  m a n y  
f a c to r s  s u c h  a s  th e  r a t io  o f  p o ly m e r  s o lu t io n  to  w a t e r  a n d  v i s c o s i ty  o f  th e  e m u ls io n  
th a t  in f lu e n c e  th e  e m u ls io n 's  s t a b i l i ty  p r io r  to  q u e n c h in g .  T h e r e f o r e ,  w i th  f u r th e r  
a d ju s tm e n t ,  i t  is  p o s s ib l e  th a t  p o r e  s iz e  c o u ld  b e  in c r e a s e d .  A l th o u g h ,  th i s  te c h n iq u e  
is  a d v a n ta g e o u s  b e c a u s e  it d o e s  n o t  r e q u i r e  a n  e x t r a  w a s h in g / l e a c h in g  s te p ,  th e  u s e  o f  
o r g a n ic  s o lv e n ts  m u s t  b e  t a k e n  in to  a c c o u n t  f o r  th e  in c o r p e r a t io n  o f  c e l l s  a n d  
b io a c t iv e  m o le c u le s .  T h i s  in d ic a te s  th a t  th is  f a b r ic a t io n  m e th o d  c u r r e n t ly  h a s  l im i te d  
u s e f u ln e s s  in  th e  f ie ld  o f  t i s s u e  e n g in e e r in g .

2 .5 .9  S o l id  F re e f o r m  F a b r ic a t io n
S in c e  m o s t  o f  c o n v e n t io n a l  s c a f f o ld  f a b r ic a t io n  m e th o d  d e s c r ib e d  

a p p r o a c h e s  a r e  l im i te d  w h e n  it c o m e s  to  th e  c o n t r o l  o f  p o r o s i ty  a n d  p o r e  s iz e ,  
c o m p u te r  a s s is te d  d e s ig n  a n d  m a n u f a c tu r in g  te c h n iq u e s  ( C A D /  C A M )  h a v e  b e e n  
in t r o d u c e d  to  t i s s u e  e n g in e e r in g  a p p l ic a t io n .  T h e  t e c h n o lo g y  t r a n s f e r  o f  s o l id  
f r e e f o r m  f a b r ic a t io n  ( S F F )  to  t i s s u e  e n g in e e r in g  m a y  b e  th e  k e y  to  p r o d u c e  s c a f fo ld s  
w i th  c u s to m is e d  e x te rn a l  s h a p e  a n d  p r e d e f in e d  a n d  r e p r o d u c ib le  in te r n a l  
m o r p h o lo g y ,  w h ic h  n o t  o n ly  c a n  c o n tr o l  p o re  s iz e ,  p o r o s i ty  a n  p o r e  d i s t r ib u t io n ,  b u t  
c a n  a ls o  m a k e  s t r u c tu r e s  to  in c r e a s e  th e  m a s s  t r a n s p o r t  o f  o x y g e n  a n d  n u tr ie n t s  
th r o u g h o u t  th e  s c a f f o ld  ( S a c h lo s  e t a l,  2 0 0 3 ) .  I t is  d i f f ic u l t  to  m a k e  c u s to m iz e d  
s c a f f o ld s  w i th  s p e c ia l ly  d e s ig n e d  f u n c t io n a l  g r a d ie n t  m a te r ia l  ( Y u  e t a l., 2 0 0 7 ) .  S F F
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t e c h n o lo g ie s  in v o lv e  b u i l d in g  3 d im e n s io n a l  o b je c t s  u s in g  l a y e r e d  m a n u f a c tu r in g  
s t r a te g ie s .  T h e  g e n e ra l  p r o c e s s  in v o lv e s  p r o d u c in g  a  c o m p u te r - g e n e r a te d  m o d e l  u s 
in g  c o m p u te r - a id e d  d e s ig n  (C A D )  s o f tw a r e .  T h is  C A D  m o d e l  i s  th e n  e x p r e s s e d  a s  a  
s e r ie s  o f  c r o s s - s e c t io n a l  la y e rs .  T h e  d a ta  is  th e n  c a r r ie d  o u t  to  th e  S F F  m a c h in e ,  
w h ic h  p r o d u c e s  th e  p h y s ic a l  m o d e l .  S ta r t in g  f ro m  th e  b o t to m  a n d  b u i ld in g  la y e r s  u p ,  
e a c h  n e w ly  f o rm e d  l a y e r  a d h e re s  to  th e  p r e v io u s .  E a c h  la y e r  c o r r e s p o n d s  to  a  c r o s s -  
s e c t io n a l  d iv i s io n .  P o s t - p r o c e s s in g  m a y  b e  r e q u i r e d  to  r e m o v e  te m p o r a r y  s u p p o r t  
s t r u c tu r e s .  F u r th e r m o r e ,  d a ta  o b ta in e d  f ro m  C o m p u te r i s e d  T o m o g r a p h y  ( C T )  o r  
M a g n e t ic  R e s o n a n c e  I m a g in g  (M R 1 ) m e d ic a l  s c a n s  c a n  b e  u s e d  to  c r e a te  a  c u s to 
m is e d  C A D  m o d e l  a n d  c o n s e q u e n t ly  a  s c a f f o ld  p o s s e s s in g  r e a l i z e d  b y  u s in g  in k - je t  
p r in t in g  o f  p o ly m e r  p o w d e r s  o r  th r o u g h  F u s e d  D e p o s i t io n  M o d e l in g  o f  a  p o ly m e r  
m e l t ,  th e  e x a c t  e x te rn a l  s h a p e  r e q u i r e d  to  c o r r e c t  th e  d a m a g e d  t i s s u e  s ite .

2 .6  E l e c t r o s p i n n i n g

In  th e  e le c t r o s p in n in g  p r o c e s s ,  a  h ig h  v o l ta g e  is  u s e d  to  c r e a te  a n  e le c t r i c a l ly  
c h a r g e d  j e t  o f  p o ly m e r  s o lu t io n  o r  m e l t ,  w h ic h  d r ie s  o r  s o l id i f i e s  to  le a v e  a  p o ly m e r  
f ib e r  . O n e  e le c t r o d e  is  p l a c e d  in to  th e  s p in n in g  s o lu t io n /m e l t  a n d  th e  o th e r  a t t a c h e d  
to  a  c o l le c to r .  E le c t r ic  f ie ld  is  s u b je c te d  to  th e  e n d  o f  a  c a p i l la r y  tu b e  th a t  c o n ta in s  
th e  p o ly m e r  f lu id  h e ld  b y  i t s  s u r f a c e  te n s io n .  T h is  i n d u c e s  a  c h a r g e  o n  th e  s u r f a c e  o f  
th e  l iq u id . M u tu a l  c h a r g e  r e p u l s io n  c a u s e s  a  f o rc e  d i r e c t ly  o p p o s i t e  to  th e  s u r f a c e  
te n s io n .  A s  th e  in te n s i ty  o f  th e  e le c t r i c  f ie ld  i s  in c r e a s e d ,  th e  h e m is p h e r ic a l  s u r f a c e  o f  
th e  f lu id  a t  th e  t ip  o f  th e  c a p i l la r y  tu b e  e lo n g a te s  to  f o r m  a  c o n ic a l  s h a p e  k n o w n  a s  
th e  T a y lo r  c o n e . W i th  in c r e a s in g  f ie ld ,  a  c r i t i c a l  v a lu e  is  a t t a in e d  w h e n  th e  r e p u l s iv e  
e le c t r o s ta t i c  f o r c e  o v e r c o m e s  th e  s u r f a c e  t e n s io n  a n d  a  c h a r g e d  j e t  o f  f lu id  is  e je c te d  
f ro m  th e  t i p  o f  th e  T a y lo r  c o n e . T h e  d i s c h a r g e d  p o ly m e r  s o lu t io n  j e t  u n d e r g o e s  a  
w h ip p in g  p r o c e s s  w h e r e  in  th e  s o lv e n t  e v a p o r a te s ,  l e a v in g  b e h in d  a  c h a r g e d  p o ly m e r  
f ib e r ,  w h ic h  la y s  i t s e l f  r a n d o m ly  o n  a g r o u n d e d  c o l le c t in g  m e ta l  s c re e n . In  th e  c a s e  
o f  th e  m e l t  th e  d i s c h a r g e d  j e t  s o l id i f i e s  w h e n  it  t r a v e l s  in  th e  a i r  a n d  is  c o l le c te d  o n  
th e  g r o u n d e d  m e ta l  s c r e e n .  T h e  s c h e m a t ic  o f  e le c t r o s p in n in g  p r o c e s s  i s  s h o w n  in  
F ig u r e  2 .6 .
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F i g u r e  2 .6  T h e  s c h e m a t ic  o f  e le c t r o s p in n in g  p r o c e s s .

A n  im p o r ta n t  c h a r a c te r i s t ic  o f  e le c t r o s p in n in g  i s  t h e  a b i l i t y  to  m a k e  f ib e r s  
w i th  d ia m e te r s  in  th e  r a n g e  o f  m a n o m e te r s  to  a  fe w  m ic r o n s .  C o n s e q u e n t ly  th e s e  
f ib e r s  h a v e  a  la r g e  s u r f a c e  a r e a  p e r  u n i t  m a s s  s o  th a t  n a n o w o v e n  f a b r ic s  o f  th e s e  
n a n o f ib e r s  c o l le c te d  o n  a  s c re e n  c a n  b e  u s e d  f o r  e x a m p le ,  f o r  f i l t r a t io n  o f  s u b m ic r o n  
p a r t i c le s  in  s e p a r a t io n  in d u s tr i e s  a n d  b io m e d ic a l  a p p l i c a t io n s  , s u c h  a s  w o u n d  
d r e s s in g  in  m e d ic a l  in d u s try , t i s s u e  e n g in e e r in g  s c a f f o ld s  a n d  a r t i f ic ia l  b lo o d  v e s s e ls .  
T h e  u s e  o f  e le c t r o s p u n  f ib e r s  a t  c r i t i c a l  p l a c e s  in  a d v a n c e d  c o m p o s i t e s  t o  im p r o v e  
c ra c k  r e s i s ta n c e  i s  a ls o  p ro m is in g . In  a d d i t io n  to  th is ,  th e  u l t r a f i n e  f ib r e s  p r o d u c e d  b y  
e le c t ro s p in n in g  a r e  e x p e c te d  to  h a v e  tw o  m a in  p r o p e r t ie s ,  a  v e r y  h ig h  s u r f a c e  to  
v o lu m e  r a t io ,  a n d  a  r e la t iv e ly  d e f e c t  f r e e  s t r u c tu r e  a t  th e  m o le c u la r  le v e l .  T h i s  f i r s t  
p r o p e r ty  m a k e s  e le c t r o s p u n  m a te r ia l  s u i ta b le  f o r  a c t iv i t ie s  r e q u i r in g  a  h ig h  d e g r e e  o f  
p h y s ic a l  c o n ta c t ,  s u c h  a s  p r o v id in g  s i te s  f o r  c h e m ic a l  r e a c t io n s ,  o r  th e  c a p tu r e  o f  
s m a ll  s iz e d  p a r t i c u la t e  m a te r ia l  b y  p h y s ic a l  e n ta n g le m e n t  - f i l t r a t io n .  T h e  s e c o n d  
p r o p e r ty  s h o u ld  a l lo w  e le c t ro s p u n  f ib re s  to  a p p r o a c h  th e  th e o r e t ic a l  m a x im u m  
s tr e n g th  o f  th e  s p u n  m a te r ia l ,  o p e n in g  u p  th e  p o s s ib i l i t y  o f  m a k in g  h ig h  m e c h a n ic a l  
p e r f o r m a n c e  c o m p o s i t e  m a te r ia ls .  E le c t r o s p in n in g  is  h e n c e  b e in g  in v e s t ig a t e d  a s  a  
s o u rc e  o f  c o s t - e f f e c t iv e ,  e a s y  to  m a n u f a c tu r e  w o u n d  d r e s s in g s ,  m e d ic a l  im p la n t s ,  a n d  
s c a f fo ld s  fo r  th e  p r o d u c t io n  o f  a r t i f ic ia l  h u m a n  t i s s u e s .  T h e  a b o v e  d e s c r ip t io n  o f  th e  
p r o c e s s  s u g g e s ts  th a t  th e  f o l lo w in g  p a r a m e te r s :  s o lu t i o n  p r o p e r t ie s  in c lu d in g
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v is c o s i ty ,  c o n d u c t iv i ty ,  a n d  s u r f a c e  te n s io n ;  c o n t r o l le d  v a r ia b le s  in c lu d in g  
h y d r o s ta t ic  p r e s s u r e  in  th e  c a p i l la ry ,  e le c t r i c  p o te n t ia l  a t  th e  t ip ,  a n d  th e  d i s ta n c e  
b e tw e e n  th e  t i p  a n d  th e  c o l le c t io n  s c re e n ;  a n d  a m b ie n t  p a r a m e te r s  in c lu d in g  
te m p e r a tu r e ,  h u m id i ty ,  a n d  a i r  v e lo c i ty  in  th e  e le c t r o s p in n in g  c h a m b e r  c a n  a f f e c t  th e  
p r o c e s s .B y  a p p ro p r ia te ly  v a r y in g  o n e  o r  m o r e  o f  th e  a b o v e  p a r a m e te r s ,  f ib e r s  w e r e  
s u c c e s s f u l ly  e le c t ro s p u n  f ro m  w a te r  s o lu b le  p o ly m e r s ,  b io p o ly m e r s ,  a n d  l iq u id  
c r y s ta l l in e  p o ly m e r s .  T h e s e  s c a f fo ld s  fu lf i l l  a  s im i l a r  p u r p o s e  a s  th e  e x t r a c e l lu la r  
m a tr ix  in  n a tu ra l  t i s s u e . B io d e g r a d a b le  p o ly m e r s ,  s u c h  a s  p o ly c a p r o la c to n e ,  a r e  
ty p ic a l ly  u s e d  fo r  th is  p u rp o s e .  T h e s e  f ib e r s  m a y  th e n  b e  c o a te d  w i th  c o l la g e n  to  
p r o m o te  c e l l  a t ta c h m e n t ,  a l th o u g h  c o l la g e n  h a s  s u c c e s s f u l ly  b e e n  s p u n  d i r e c t ly  in to  
m e m b r a n e  ( M a t th e w s  e t a l.,  2 0 0 2 ) .

Y o s h im a to  e t a l.  ( 2 0 0 3 )  p r e p a r e d  m ic r o p o r o u s ,  n o n - w o v e n  p o ly  ( s -  
ç a p r o la c to n e )  s c a f fo ld s  b y  e le c t r o s ta t i c  f ib e r  s p in n in g  ( e le c t r o s p in n in g ) .  
M e s e n c h y m e  s te m  c e l ls  ( M S C s )  d e r iv e d  f ro m  th e  b o n e  m a r r o w  o f  n e o n a ta l  r a ts  w e r e  
c u l tu re d ,  e x p a n d e d  a n d  s e e d e d  o n  e le c t r o s p u n  P C L  s c a f fo ld s .  S E M  d e m o n s t r a te d  
th a t  th e  c e ll  m ig ra te d  in s id e  th e  s c a f fo ld  a n d  p r o d u c e d  a n d  e x t r a c e l lu la r  m a t r ix  o f  
c o l la g e n  th r o u g h o u t  th e  s c a f fo ld . T h e  c e l l - p o ly m e r  c o n s t r u c ts  m a in ta in e d  th e  s iz e  
a n d  s h a p e  o f  th e  o r ig in a l  s c a f fo ld s .  T h is  s u g g e s te d  th a t  e le t r o s p u n  P C L  is  a  p o te n t ia l  
c a n d id a te  s c a f fo ld  fo r  b o n e  t i s s u e  e n g in e e r in g .

B o lg e n  e t a l. ( 2 0 0 5 )  p r e p a r e d  n o n - w o v e n  m a te r ia ls  f ro m  p o ly (£ -  
c a p r o la c to n e )  ( P C L )  b y  e le c t ro s p in in g .  E le c t r o s p u n  m e m b r a n e  w e r e  m o r e  
h y d r o p h o b ic  th a n  P C L  s o lv e n t  c a s te d  o n e ;  th e re f o r e ,  th e i r  d e g r a d a t io n  w a s  a  m u c h  
s lo w e r  p r o c e s s .

2 .7  T i s s u e  E n g i n e e r i n g  S c a f f o ld  M a t e r i a l s

T h e  p o ly m e r  s c a f fo ld  in  th e  t i s s u e  e n g in e e r in g  is  d e s ig n e d  to  m im ic  m a n y  
r o le s  o f  th e  e x t r a c e l lu la r  m a tr ic e s  in  th e  b o d y .  ( L e e  e t a l,  2 0 0 7 )  T o  g u id e  in v itro  o r  
in v ivo  t i s s u e  r e g e n e r a t io n ,  i t  is  n e c e s s a r y  to  o b ta in  a p p r o p r ia te  s c a f f o ld  m a te r ia l ,  
w h ic h  s a t i s f y  a ll th e  g o a ls  r e q u i r e d :  b io c o m p a t ib i l i ty ,  s u f f ic ie n t  m e c h a n ic a l  s t r e n g th ,  
o s t e o c o n d u c t iv i ty ,  a b i l i ty  to  b e  f a b r ic a te d  in to  fu n c t io n a l  s h a p e s  e a s i ly ,  n o
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im m u n o g e n ic  p o te n t ia l i ty ,  c o n tr o l le d  b io r e s o r b a b i l i t y  h ig h  in te r c o n n e c te d  
m a c r o p o r o s i ty  ( A la m  e t a l, 2 0 0 1 ) ,  h y d r o p h o b ic i ty ,  e tc  ( L e e  e t a l,  2 0 0 7 ) .

S y n th e t ic  p o ly m e r  s u c h  a s  P L A , P G A , P L G A , P C L , P P F , P E G  e tc . 
P o ly la c to n e - ty p e  b io d e g r a d a b le  p o ly m e r s ,  s u c h  a s  p o ly ( L - la c t id e )  ( P L L A ) ,  
p o ly g ly c o l id e  ( P G A )  a n d  th e i r  c o p o ly m e r  p o ly ( la c t id e - c o - g ly c o l id e )  ( P L G A )  a r e  
e x te n s iv e ly  s tu d ie d  a s  s c a f fo ld  m a te r ia ls  f o r  t i s s u e  e n g in e e r in g  ( S a c h lo s  e t a l., 2 0 0 3 ) ,  
s in c e  th e y  p o s s e s s  g o o d  m e c h a n ic a l  p r o p e r ty ,  lo w  im m u n o g e n ic i ty ,  n o n - to x ic i ty  a n d  
a d ju s ta b le  d e g r a d a t io n  ra te . D e g ra d a t io n  m a y  o c c u r  v i a  h y d r o ly t i c  p a th w a y  a n d  
e n z y m a t ic  c le a v a g e  in to  w a te r  s o lu b le  o l ig o m e r s  a n d  m o n o m e r s  th a t  e l im in a te  f ro m  
th e  im p la n ts i te .  T h e  d e g r a d a t io n  m e c h a n is m  p r o c e s s  is  n o t  s ig n i f i c a n t ly  a f f e c te d  b y  
th e  p r e s e n c e  o f  c e l l s .

C a lv e r t  e t a l.{2 0 0 0 )  p e r f o rm e d  p o ly  ( c a r p r o la c to n e ) ,  p o ly  ( D L - la c i tc  c o -  
g ly c o l ic  a c id )  ( P L G A )  a n d  c o m b in a t io n  o f  th e s e  p o ly m e r s  to  c r e a te  a n o v e l  
b io m a te r ia l  f o r  b o n e  t i s s u e  e n g in e e r in g .  B o n e  m a r r o w  s t r o m a l  c e l l s  w e r e  c u l tu re d . 
T h e  re s u l t  s h o w e d  th a t  th e  r a te  o f  p r o l i f e r a t io n  w a s  n o t  s ig n i f ic a n t ly  d i f f e r e n t  f o r  a n y  
o f  th e  p o ly m e r s  o r  th e i r  c o m b in a t io n s  in d ic a te d  th a t  a ll  p o ly m e r s  a r e  c a n d id a te s  fo r  a  
n o v e l  b o n e  t i s s u e  e n g in e e r in g  s c a f fo ld . T h e r e  w a s  n o  l im i t  in  c h o ic e  o f  p o ly m e r s  f o r  
n e w  s c a f fo ld  m a te r ia ls .

In  o u r  p r e v io u s  s tu d y ,  P ra s a n s u k la r b  A . ( 2 0 0 8 )  f a b r ic a te d  b o n e  s c a f fo ld  
m a te r ia l s  f ro m  v a r io u s  a l ip h a t ic  p o ly e s te r s :  p o ly c a p r o la c to n e  ( P C L ) ,  p o ly (  1 ,4 - 
b u ty le n e  s u c c in a te )  e x te n d e d  w i th  1 ,6 - d i i s o c y a n a to h e x a n e  ( P B S u - D C H ) ,  p o ly ( la c t ic  
a c id )  (P L A ) , p o ly ( 3 - h y d r o x y b u ty r i c  a c id )  ( P H B ) ,  a n d  p o ly ( 3 - h y d r o x y b u ty r i c  a c id -  
c o - h y d r o x y v a le r ic  a c id  ( P H B V )  a t  a  3 0 :1  N a C l /p o ly m e r  w e ig h t  r a t io  b y  s o lv e n t  
c a s t in g  a n d  s a l t  p a r t i c u la t e  l e a c h in g  te c h n iq u e .  T h e  a v e r a g e  p o r e  d i a m e te r s  a n d  
p o r o s i ty  c r e a te d  b y  th is  t e c h n iq u e  w e r e  in  th e  r a n g e  o f  ( 4 0 0  to  5 0 0 )  p m  a n d  (9 3  to  
9 5 )  % , r e s p e c t iv e ly .  T h e  c o m p r e s s iv e  m o d u lu s  o f  th e  s c a f f o ld s  w a s  d e c r e a s e d  in  th e  
o r d e r  o f  P L A  >  P H B V  «  P H B  >  P B S u - D C H  >  P C L  a n d  th e  d e g r a d a t io n  r a te s  o f  th e  
s c a f f o ld s  r a n k e d  a s  f o l lo w s  ะ P B S u - D C H  >  P C L  >  P H B  >  P H B V  >  P L A . H u m a n  
o s te o b la s t  c e l ls  ( S a O S - 2 )  w e r e  s e e d e d  o n  th e  P C L  a n d  P B S u - D C H  s c a f f o ld s  
a p p e a r e d  to  a t ta c h  a n d  p r o l i f e r a te  w e ll .  A d d i t io n a l ly ,  A L P  a c t iv i ty  r e s u l t  s ig n if ie d  
th a t  P C L  a n d  P B S u - D C H  s c a f f o ld s  a lso  b e t t e r  p r o m o te d  th e  d i f f e r e n t ia t io n  o f  S a O S -
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2 th a n  th e  o th e r s .  T h is  in d ic a te d  th a t  P C L  c a n  b e  a n  im p r o v e d  a l t e r n a t iv e  to  o th e r  
p o ly m e r - b a s e  s c a f fo ld  f o r  t i s s u e  e n g in e e r in g  a p p l ic a t io n s .

2 .8  P o l y c a p r o l a c t o n e  ( P C L )  "--ไ2ะ:-

F i g u r e  2 .7  T h e  s t r u c tu r e  o f  p o ly c a p r o la c to n e .

P o ly c a p r o la c to n e  ( P C L )  is  a  b io d e g r a d a b le  p o ly e s te r  w i th  a  lo w  m e l t in g  p o in t  
o f  a r o u n d  60°c a n d  a  g l a s s  t r a n s i t io n  te m p e r a tu r e  o f  a b o u t  -60°c. I t c a n  b e  p r e p a r e d  
b y  r in g  o p e n in g  p o ly m e r iz a t io n  o f  é - c a p r o la c to n e  u s in g  a  c a ta ly s t  s u c h  a s  s ta n n o u s  
o c ta n o a te .  P o ly c a p r o la c to n e  h a s  g o o d  w a te r ,  o i l ,  s o lv e n t  ,a n d  c h lo r in e  r e s is ta n c e .

r-Caprolactone

Catalyst 
+ H eat _►  •ร/ •S 'O ^—(c H)^— c

Polycaprolactone

F i g u r e  2 .8  R in g  o p e n in g  p o ly m e r iz a t io n  o f  e - c a p r o la c to n e  to  p o ly c a p r o la c to n e .

P C L  c a n  b e  d e g r a d e d  b y  h y d r o ly s is  o f  i ts  e s t e r  l in k a g e s  in  p h y s io lo g ic a l  
c o n d i t io n s  ( s u c h  a s  in  th e  h u m a n  b o d y )  a n d  th e r e f o r e  h a s  r e c e iv e d  a  g re a t  d e a l  o f  
a t t e n t io n  f o r  u s e  a s  a n  im p la n ta b le  b io m a te r ia l .  In  p a r t i c u la r  i t  is  e s p e c ia l ly  
in te r e s t in g  f o r  th e  p r e p a r a t io n  o f  lo n g  te r m  im p la n ta b le  d e v ic e s ,  o w in g  to  i ts  
d e g r a d a t io n  w h ic h  is  e v e n  s lo w e r  th a n  th a t  o f  p o ly la c t id e  ( P r a s a n s u k la r b  A .,  2 0 0 8 ) .  
T h e  s t r u c tu r e  o f  P C L  is  s h o w n  in  F ig u r e  2 .8 .
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T h e  o u r  s tu d y  , M C 3 T 3 -E 1  m u r in e  p r e o s t e o b la s t  c e l l  w a s  c u l tu r e d  s l id e  
c o a te d  w i th  e i t h e r  P L G A  o r  P C L  a n d  o n  u n c o a te d  g la s s  s l id e  a s  c o n t r o l .  T h e  
M C 3 T 3 -E 1  c e l l  a p p e a re d  to  g r o w  to  c o n f lu e n c e  a t  e q u iv a le n t  r a te s  o n  a ll th r e e  
s u f a c e s ,  g la s s ,  P L G A , a n d  P C L . T h e  d a ta  f r o m  th e  e x p r e s s io n  o f  th e  g e n e s  f o r  
a lk a l in e  p h o s p h a ta s e  a n d  o s te o c a lc in  s h o w e d  th a t  P L G A  w a s  m o r e  a b le  to  s u p p o r t  
th e  e x p r e s s io n  o f  o s te o b la s t  p h e n o ty p e  w h e n  c o m p a r e d  w i th  P C L . H o w e v e r ,  b e c a u s e  
P C L  h a s  f a v o r a b le  h a n d in g  c h a r a c te r i s t ic s  a n d  s t r e n g th  m o d i f i c a t io n s  o f  P C L  m a y  
p r o m p t  f u r th e r  in v e s t ig a t io n .

2 .9  S u r f a c e  M o d i f i c a t i o n

T h e  c y to c o m p a t ib i l i ty  o f  th e  b io d e g r a d a b le  p o ly e s te r - ty p e d  s c a f f o ld  is  n o t 
g o o d  b e c a u s e  o f  th e  la c k  o f  c e l l  r e c o g n i t io n  s i t e s  o n  th e i r  s u r f a c e  r e s u l t in g  f ro m  h y -  
d r o p h o b ic i ty  o f  n o n - p o la r  g r o u p s  a lo n g  its  b a c k b o n e ,  so  it is  f a r  f ro m  th e  id e a l  s c a f 
f o ld  w h ic h  c a n  b in d  g r o w th  f a c to r  o n  it a n d  m a k e  th e  s c a f fo ld  s u p p ly  b io lo g ic a l  s ig 
n a l s  f o r  g u id in g  a n d  a c c e le r a t in g  c e l l  a t ta c h m e n t ,  m ig r a t io n ,  d i f f e r e n t ia t io n  a n d  p r o l i 
f e r a t io n .  T h e  in i t i a l  a t t a c h m e n t  o f  a  c e ll  to  a  s u b s t r a te  is  m e d ia te d  b y  c e l l - s u r f a c e  a d 
h e s io n  f a c to r s .  I n te n s iv e  r e s e a r c h  h a s  s h o w n  th a t  c e l l - e x t r a c e l lu la r  m a t r ix  (E G M )  in 
te r a c t io n s  p a r t i c ip a t e  d i r e c t ly  in  p r o m o t in g  c e l l  a d h e s io n ,  m ig r a t io n ,  g r o w th  a n d  d i f 
f e r e n t ia t io n .  V a r io u s  E C M  m o le c u le s  s u c h  a s  ty p e - I  c o l la g e n ,  f ib r in o g e n  a n d  f ib ro -  
n e c t in  c o n ta in in g  s p e c i f ic  a m in o  a c id  r e c e p to r s  th a t  a l lo w  th e m  to  b in d  d i r e c t ly  to  
c e l l - s u r f a c e  r e c e p to r s .  O th e r  s tu d ie s  h a v e  a ls o  d e m o n s t r a te d  th e  b in d in g  f u n c t io n s  o f  
th e  a r g in in e - g l y c i n e - a s p a r t i c  ( R G D )  p e p t id e  s e q u e n c e  in  s o m e  e x t r a c e l lu la r  m a tr ix  
m o le c u le s .  B a s e d  o n  th e s e  f u n d a m e n ta l  f in d in g s ,  s tu d ie s  h a v e  b e e n  c o n t r ib u te d  to  
m im ic  th e  e x t r a c e l lu la r  m a tr ix  o n  s u b s tr a te  s u r f a c e s ,  b y  im m o b i l i z in g  e x t r a c e l lu la r  
m o le c u le s  o r  o t h e r  b io a c t iv e  m o le c u le s  to  th e  s c a f fo ld  s u r f a c e  ( H s u  e t a l .,  2 0 0 6 ) . 
T h e r e  a r e  s e v e ra l  m e th o d s  to  im m o b i l i z e  p r o te in s  o n  a  s u b s t r a te  f o r  b io m e d ic a l  a n d  
b io c h e m ic a l  a p p l ic a t io n s .  T h e s e  c a n  b e  d iv id e d  in to  tw o  g e n e ra l  c a te g o r ie s ;  p h y s ic a l  
a n d  c h e m ic a l .  V a r io u s  s tu d ie s  h a v e  d e m o n s t r a te d  th a t  c o a t in g  th e  s c a f f o ld  s u r fa c e  
w i th  c o l la g e n ,  o r  p r e - s o a k in g  s c a f f o ld s  in  m e d ia  im p r o v e s  c e l l  s e e d in g  e f f ic i e n c y  a n d
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s p r e a d in g  ( Y a n g  e t a l.,  2 0 0 3 ) .  P h y s ic a l  c o a t in g  is  a  s im p le  te c h n iq u e ;  h o w e v e r ,  th is  
c o a t in g  is  le s s  b io lo g ic a l ly  s ta b le .

F o u r  m a jo r  p r o te in  im m o b i l i z a t io n  te c h n iq u e s  a r e  c u r r e n t ly  u s e d .  T h e s e  a re : 
( i)  c o v a le n t  b in d in g ,  in  w h ic h  a t t a c h m e n t  o f  th e  a c t iv e  c o m p o n e n t  to  th e  s u b s tr a te  
s u r f a c e  u s e s  a  c h e m ic a l  r e a c t io n  o r  l in k a g e  to  a c t iv a te d  s u r f a c e  g r o u p s  ( W a n g  e t a l., 
2 0 0 3 ;  Y a n g  e t a l., 2 0 0 3 ) ;  ( i i )  e n t r a p m e n t ,  w h ic h  is  a  p h y s ic a l  t r a p p in g  o f  th e  a c t iv e  
c o m p o n e n ts  in to  a  f d m , a  g e l o r  c o a t in g  ( C u i  e t a l ,  2 0 0 3 ) ;  ( i i i )  c r o s s l in k in g ,  w h ic h  
c o m b in e s  f e a tu r e s  o f  b o th  c o v a le n t  b in d in g  a n d  e n t r a p m e n t  in  w h ic h  c r o s s l in k in g  
a g e n ts  a r e  u s e d  b o th  to  p o ly m e r iz e  a  b a s e  l a y e r  o r  f i lm  a n d  to  a n c h o r  th e  e n t r a p p e d  
p r o t e in  m o le c u le s  b y  f o r m in g  in te r m o le c u la r  l in k a g e s  b e tw e e n  th e  s u b s t r a te  a n d  th e  
p r o t e in  m o le c u le s  ( K a r a k e ç i l i  e t a l.,  2 0 0 8 ) ;  a n d  ( iv )  a d s o r p t io n ,  w h ic h  a p p l ie s  a  
p r o te in  s o lu t io n  to  a  s u b s t r a te  o r  f i lm  a n d  a l lo w s  th e  m o le c u le  to  a d s o r b  to  th e  
s u b s t r a te  o v e r  a  s p e c i f i e d  t im e  p e r io d  ( W o o  e t a l., 2 0 0 7 ) .  T h e  e x a m p le  o f  s u r fa c e  
m o d if i c a t io n  p r o c e d u r e s  a r e  f o l lo w s .

•  P la s m a  t r e a tm e n t  w a s  in v e s t ig a te d  to  in t r o d u c e  p r o p e r  fu n c t io n a l  
g r o u p s  o n  th e  s u r f a c e  o f  a  p o ly m e r  o n ly  b y  s e le c t in g  a n d  a p p ly in g  s o m e  s u i ta b le  g a s . 
O x y g e n  p la s m a  t r e a tm e n t  p r o v id e d  p r o p e r ty  f o r  s u r fa c e  o f  p o ly ( la c t id e - c o - g ly c o l id e )  
( P L G A )  m a tr ix  fo r  a n c h o r in g  r h B M P - 2  ( S h e n  e t a l ,  2 0 0 9 ) .

•  E n d - g r a f t in g  o r  in s itu  p o ly m e r iz a t io n s  b y  p h o to  o r  b y  r a d io  f r e q u e n 
c y  h a v e  b e e n  d e v e lo p e d  to  a l te r  th e  s u r f a c e  p r o p e r ty  o f  m a te r ia l s  b y  p r o d u c in g  h y 
d r o p h i l i c  l a y e r  o n to  b u lk  b io m e d ic a l  p o ly m e r s .  G r a f t in g  c o p o ly m e r i z a t io n  o f  M M A  
in i t i a te d  u n d e r  u v  l ig h t  ( P L L A - g - P M M A )  to  e n h a n c e  c y to c o m p a t ib i l i ty  b e tw e e n  
m a te r ia l s  a n d  b io m a c r o m o le c u le s  ( M a  e t  a l . ,  2 0 0 2 ) .

•  A m in o ly s is  is  a n o th e r  m e th o d  th a t  h a s  b e e n  a p p l ie d  to  m o s t  b io d e 
g r a d a b le ,  a l ip h a t ic  p o ly e s te r  s u c h  a s  P C L , P L L A . R e a c t io n  b e tw e e n  e s te r  g r o u p s  o f  
P L L A  a n d  a m in o  g r o u p s  o f  h e x a n e d ia m in e  p r o d u c e s  f r e e  a m in o  g r o u p s  th a t  c a n  fu r 
th e r  r e a c t  w i th  f u n c t io n a l  g r o u p s  o f  p r o te in  o r  g r o w th  f a c to r  to  im p r o v e  i t s  c y to c o m -  
p a c t ib i l i ty ;  c e l l - p o ly m e r  in te r a c t io n .  ( Z h u  e t  a l . ,  2 0 0 2 ) .

G u a n  e t a l. ( 2 0 0 1 )  p r e p a r e d  f u n c t io n a l  p o ly u r e th a n e  ( P U )  s u r f a c e  b y  p h o to 
g r a f t in g  A W -d im e th y l - a m in o e th y l  m e th a c r y la te  ( D M A E M )  to  in t r o d u c e  th e  a m in o  
g r o u p s  o n to  th e  s u r fa c e . G r a f t in g  c o p o ly m e r i z a t io n  w a s  c o n d u c te d  b y  th e  c o m b in e d
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u s e  o f  th e  p h o to - o x id a t io n  a n d  i r r a d ia t io n  g r a f t in g .  H u m a n  u m b i l i c a l  v e in  
e n d o th e l iu m  ( H U V E )  c e l l s  w e r e  s e e d e d  o n  th e  g r a f te d  s u r f a c e  c e l l  a t t a c h m e n t  a n d  
p r o l i f e r a t io n  w e r e  e v a lu a te d .  T h e  c o m p a r i s o n  o f  P U  a n d  D M A E M  g r a f te d  m e m b r a n e  
s h o w e d  th a t  c e l l  a t t a c h m e n t  is  b e t t e r  o n  th e  g r a f te d  m e m b r a n e .  It s u g g e s te d  th a t  c e ll  
a t t a c h m e n t  w a s  p r o m o te d  b y  th e  p r e s e n c e  o f  a m in o  g r o u p s .

P a rk  e t a l. ( 2 0 0 6 )  p r e p a r e d  b io d e g r a d a b le  n a n o f ib r o u s  p o ly ( L - la c t i c  a c id )  
P L L A  s c a f fo ld  b y  a n  e le c t r o s p in n in g  p r o c e s s  f o r  u s e  in  t i s s u e  r e g e n e r a t io n .  T h e  
n a n o f ib r o u s  s c a f f o ld  w a s  t r e a te d  w i th  o x y g e n  p la s m a  a n d  th e n  s im u l ta n e o u s ly  in situ  
g r a f te d  w i th  h y d r o p h i l ic  a c r y l ic  a c id  ( A A )  to  o b ta in e d  P L L A -g -P A A . T h e  f ib e r  
d ia m e te r ,  p o r e  s iz e  a n d  p o r o s i ty  o f  s c a f fo ld  w e r e  e s t im a te d  a s  ( 2 5 0  to  7 5 0 )  n m , 
~ 3 0 p m  a n d  9 5 % , r e s p e c t iv e ly .  A f te r  th e  f ib r o b la s ts  w e r e  c u l tu re d  f o r  u p  to  6  d a y s , 
c e ll  a d h e s io n  a n d  p r o l i f e r a t io n  w e r e  m u c h  im p r o v e d  o n  th e  P L L A - g - P A A  s c a f fo ld  
th a n  o n  e i t h e r  P L L A  f i lm  o r  u n m o d i f ie d  P L L A  s c a f f o ld .  T h is  w o r k  d e m o n s t r a te d  
th a t  th e  a p p l i c a t io n s  o f  p la s m a  t r e a tm e n t  a n d  h y d r o p h i l ic  A A  g r a f t in g  w e r e  e f f e c t iv e  
to  m o d if y  th e  s u r f a c e  o f  P L L A  s c a f fo ld  a n d  im p r o v e d  c e l l  a d h e s io n  a n d  
p r o l i f e r a t io n .

In  g e n e r a l ,  a ll th e  m o d if i c a t io n s  c a n  a p p a r e n t ly  im p r o v e  c e l l  r e s p o n s e  to  th e  
s u b s t r a te  s u r f a c e s ,  r e s u l t in g  in  a n  im p r o v e d  c y to c o m p a t ib i l i ty .  T h e s e  m e th o d s  a r e  n o t  
r e s t r i c te d  to  e x t r a c e l lu la r  m a tr ix  m o le c u le s  a n d  c a n  b e  e x te n d e d  to  o th e r  
b io m a c r o m o le c u le s  s u c h  a s  c e l l  g r o w th  f a c to r s ,  c e l l  m o r p h o lo g y  g e n e r a t io n  p r o te in s ,  
p o ly s a c c h a r id e s ,  a n d  s o  fo r th .

2 .1 0  G e n e r a l  D e s c r ip t i o n  o f  P r o t e i n s  I m m o b i l i z e d  o n t o  P C L  S c a f f o l d s

2 .1 0 .1  G e la t in

G e la t in  is  a  t r a n s lu c e n t ,  c o lo r le s s ,  o d o r le s s ,  b r i t t le ,  n e a r ly  ta s t e le s s  
s o l id  s u b s ta n c e ,  d e r iv e d  f ro m  th e  c o l la g e n  in s id e  a n im a ls ' s k in  a n d  b o n e s .  I t is  
c o m m o n ly  u s e d  a s  a  g e l l in g  a g e n t  in  fo o d , p h a r m a c e u t ic a l s ,  p h o to g r a p h y ,  a n d  
c o s m e t ic  m a n u f a c tu r in g .  G e la t in  i s  a  p r o te in  p r o d u c e d  b y  p a r t i a l  h y d r o ly s is  o f  
c o l la g e n  e x t r a c t e d  f ro m  th e  b o n e s ,  c o n n e c t iv e  t i s s u e s ,  o r g a n s  a n d  s o m e  in te s t in e s  o f  
a n im a ls  s u c h  a s  d o m e s t ic a te d  c a t t le ,  p ig s ,  a n d  h o r s e s .  T h e  n a tu ra l  m o le c u la r  b o n d s
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b e tw e e n  in d iv id u a l  c o l la g e n  s t r a n d s  a r e  b r o k e n  d o w n  in to  a  f o rm  th a t  r e a r r a n g e s  
m o r e  e a s i ly .  G e la t in  c o n ta in s  m a n y  g ly c in e  ( a lm o s t  1 in  3  r e s id u e s ,  a r r a n g e d  e v e r y  
th i r d  r e s id u e ) ,  p r o l in e  a n d  4 - h y d r o x y p r o l in e  r e s id u e s .  A  ty p ic a l  s t r u c tu r e  is  - A la -  
G ly - P r o - A r g - G ly - G lu - 4 H y p - G ly - P r o -  a s  s h o w n  in  F ig u r e  2 .9 .  - ' r

F i g u r e  2 .9  T h e  s t r u c tu r e  o f  g e la t in .

G e la t in  m e l t s  to  a  l iq u id  w h e n  h e a te d  a n d  s o l id i f i e s  w h e n  c o o le d  
a g a in . T o g e th e r  w i th  w a te r ,  i t  f o rm s  a  s e m i- s o l id  c o l lo id  g e l . G e la t in  f o r m s  a  s o lu t io n  
o f  h ig h  v i s c o s i ty  in  w a te r ,  w h ic h  s e ts  to  a  g e l o n  c o o l in g , a n d  i t s  c h e m ic a l  
c o m p o s i t io n  is ,  in  m a n y  r e s p e c t s ,  c lo s e ly  s im i l a r  to  th a t  o f  i t s  p a r e n t  c o l la g e n  ( W a r d ,  
A .G .,  a n d  C o u r ts ,  A . ,1 9 7 7 ) .  G e la t in  s o lu t io n s  s h o w  v i s c o e la s t ic  f lo w  a n d  s t r e a m in g  
b i r e f r in g e n c e .  I f  g e la t in  i s  p u t  in to  c o n ta c t  w i th  c o ld  w a te r ,  s o m e  o f  th e  m a te r ia l  
d i s s o lv e s .  T h e  s o lu b i l i ty  o f  th e  g e la t in  is  d e t e r m in e d  b y  th e  m e th o d  o f  m a n u fa c tu r e .  
T y p ic a l ly ,  g e la t in  c a n  b e  d i s p e r s e d  in  a  r e la t iv e ly  c o n c e n t r a te d  a c id  a n d  is  a ls o  
s o lu b le  in  m o s t  p o la r  s o lv e n ts .  T h e  m e c h a n ic a l  p r o p e r t ie s  a r e  v e r y  s e n s i t iv e  to  
t e m p e r a tu r e  v a r ia t io n s ,  p r e v io u s  th e rm a l h i s to r y  o f  th e  g e l ,  a n d  t im e . T h e  v i s c o s i ty  o f  
th e  g e l a t in /w a te r  m ix tu r e  in c r e a s e s  w i th  c o n c e n t r a t io n  a n d  w h e n  k e p t  c o o l  ( ~  4  ๐C ) . 
T h e r e  a r e  tw o  ty p e s  o f  g e l a t in  - T y p e  A , d e r iv e d  f ro m  a c id  p r o c e s s e d  m a te r ia ls ,  p r i 
m a r i ly  p o rk  s k in ;  a n d  T y p e  B , d e r iv e d  f ro m  a lk a l in e  o r  l im e  p r o c e s s e d  m a te r ia ls ,  
p r im a r i ly  c a t t le  o r  c a l f  h id e s  a n d  o s s e in  ( c a t t l e  b o n e s ) .  T y p e  A  G e la t in  is  p r o d u c e d  
f ro m  f r e s h  o r  f r o z e n  p o rk  s k in  b y  w a s h in g  w i th  w a te r  a n d  s o a k in g  in  d i lu te  a c id .
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A c id i f ie d  s k in s  a r e  w a s h e d  f r e e  o f  a c id  a n d  s o lu b le  p r o te in s .  T r e a te d  p o r k s k in s  a re  
p la c e d  in  e x t r a c t io n  k e t t l e s  a n d  h y d r o ly z e d  w i th  s u c c e s s iv e  p o r t io n s  o f  h o t  w a te r .  
T h e  d i lu te  s o lu t io n  i s  f i l te re d  a n d  e v a p o r a te d .  C o n c e n t r a te d  s o lu t io n s  a r e  c h i l l e d  to  a  
g e l w h ic h  is  th e n  c a r e f u l ly  d r ie d  w i th  f i l t e r e d  a n d  c o n d i t io n e d  a i r  in  d r y in g  tu n n e ls  o r  
in  c o n t in u o u s  d r y e r s  to  a  s o l id  c o n ta in in g  a p p r o x im a te ly  te n  p e r c e n t  m o i s tu r e .  T h e  
d r ie d  g e la t in  is  th e n  g r o u n d  a n d  te s t e d  fo r  g r a d e  a n d  q u a l i ty .  C a l f  s k in  o r  h id e  t r im 
m in g s ,  s o u r c e s  o f  t y p e  B  g e la t in s ,  a r e  f i r s t  w a s h e d  a n d  th e n  t r e a te d  w i th  l im e  f o r  o n e  
to  th r e e  m o n th s .  L im e d  s k in s  a r e  w a s h e d  a n d  n e u t r a l i z e d  w i th  d i lu te  a c id . A f t e r  th is  
c o n d i t io n in g ,  th e  s k in  s to c k  is  t r a n s f e r r e d  to  k e t t l e s  a n d  h e a te d  w i th  s u c c e s s iv e  p o r 
t io n s  o f  h o t  w a te r .  A  p a r t ia l  h y d r o ly s i s  o f  th e  c o l la g e n  o c c u r s ,  r e s u l t in g  in  e x t r a c ts  
w h ic h  a r e  d i lu te  s o lu t io n s  o f  g e la t in .  F ro m  th i s  p o in t  o n , th e  e x t r a c t s  o f  T y p e  B  g e la 
t in  a r e  p r o c e s s e d  in  a  m a n n e r  s im i l a r  to  T y p e  A  d e s c r ib e d  a b o v e .

2 .1 0 .2  B o v in e  S e ru m  A lb u m in  ( B S A )
A lb u m in s  a r e  a  g r o u p  o f  a c id ic  p r o te in s  w h ic h  o c c u r  p l e n t i f u l l y  in  

th e  b o d y  f lu id s  a n d  t i s s u e s  o f  m a m m a ls  a n d  in  s o m e  p la n t  s e e d s .  U n l ik e  g lo b u l in s ,  
a lb u m in s  h a v e  c o m p a r a t iv e ly  lo w  m o le c u la r  w e ig h ts ,  a r e  s o lu b le  in  w a te r ,  a r e  e a s i ly  
c r y s ta l l iz e d  ( c a n  b e  p r e c ip i ta te d  b y  h ig h  c o n c e n t r a t io n s  o f  n e u t r a l  s a l t s  s u c h  a s  
a m m o n iu m  s u l f a te ) ,  a n d  c o n ta in  a n  e x c e s s  o f  a c id ic  a m in o  a c id s .  S e ru m  a n d  p la s m a  
a lb u m in  is  c a r b o h y d r a t e - f r e e  a n d  c o m p r is e s  (5 5  to  6 2 )  %  o f  th e  p r o te in  p r e s e n t .  
A lb u m in  b in d s  w a te r ,  C a 2+, N a +, a n d  K +. D u e  to  a  h y d r o p h o b ic  c le f t ,  a lb u m in  b in d s  
f a t ty  a c id s  w h ic h  c a n  a l t e r  th e  h e a t  d é n a tu ra t io n  o f  th e  p ro te in ,  b i l i r u b in ,  h o r m o n e s  a n d  
d ru g s . B S A  is  a  s in g le  p o ly p e p t id e  c h a in  c o n s i s t i n g  o f  a b o u t  5 8 3  a m in o  a c id  r e s id u e s  
a n d  n o  c a r b o h y d r a te s .  A t  p H  5  to  7  i t  c o n ta in s  17  in t r a c h a in  d i s u l f id e  b r id g e s  a n d  1 
s u l f h y d r y l  g ro u p . T h e  m o le c u la r  w e ig h t  o f  B S A  a r e  b a s e d  o n  a m in o  a c id  s e q u e n c e .  
T h e  s o lu t io n  s ta b i l i ty  o f  B S A  is  v e r y  g o o d  ( e s p e c ia l ly  i f  th e  s o lu t io n s  a r e  s to r e d  a s  
f ro z e n  a l iq u o ts ) .  In  f a c t ,  a lb u m in s  a r e  f r e q u e n t ly  u s e d  a s  s ta b i l i z e r s  f o r  o th e r  
s o lu b i l i z e d  p r o te in s  ( e .g . ,  la b i le  e n z y m e s ) .  H o w e v e r ,  a lb u m in  i s  r e a d i ly  c o a g u la te d  
b y  h e a t .  W h e n  h e a te d  to  5 0  ๐c  o r  a b o v e ,  a lb u m in  q u i te  r a p id ly  fo rm s  h y d r o p h o b ic  
a g g r e g a te s  w h ic h  d o  n o t  r e v e r t  to  m o n o m e r s  u p o n  c o o l in g .  A t  s o m e w h a t  lo w e r  
t e m p e r a tu r e s  a g g r e g a t io n  is  a ls o  e x p e c te d  to  o c c u r ,  b u t  a t  r e l a t i v e ly  s lo w e r  r a te s .  T h e  
m a in  b io lo g ic a l  f u n c t io n  o f  a lb u m in  i s  to  r e g u l a t e  th e  c o l lo id a l  o s m o t ic  p r e s s u r e  o f
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b lo o d .  B o v in e  a lb u m in s  c o n ta in  1 6  %  n i t r o g e n  a n d  a r e  o f te n  u s e d  a s  s ta n d a r d s  in  
p r o te in  c a l ib r a t io n  s tu d ie s .  A lb u m in  i s  u s e d  to  s o lu b i l i z e  l ip id s ,  a n d  is  a l s o  u s e d  a s  a 
b lo c k in g  a g e n t  in  W e s te r n  b lo t s  o r  E L IS A  a p p l ic a t io n s .  B S A  is  w id e ly  u s e d  b e c a u s e  
o f  i t s  s ta b i l i ty ,  i t s  la c k  o f  e f f e c t  in  m a n y  b io c h e m ic a l  r e a c t io n s ,  a n d  i t s  lo w  c o s t  s in c e  
la r g e  q u a n t i t i e s  o f  i t  c a n  b e  r e a d i ly  p u r i f i e d  f ro m  b o v in e  b lo o d ,  a  b y p r o d u c t  o f  t h e  
c a t t le  in d u s try .

2 .1 1  I m m o b i l i z a t i o n  o f  B io m o le c u le s  o n to  P o l y e s t e r  S u r f a c e

D u e  to  th e  la c k  o f  c h e m ic a l  f u n c t io n a l i t ie s ,  it  is  u s u a l ly  d i f f i c u l t  fo r  
p o ly e s te r s  to  f a v o r  p o ly m e r - p r o te i n  in te r a c t io n ,  th e  c o v a le n t  b in d in g .  T h e  m e th o d  o f  
a m in o ly s is  b e tw e e n  d ia m in e  a n d  p o ly e s te r  m a tr ix  in t r o d u c e s  f u n c t io n a l  a m in o  
g r o u p s ,  th r o u g h  w h ic h  p r o te in s  s u c h  a s  g e la t in ,  la m in in ,  c h i to s a n ,  A r g - G ly - A s p  
( R G D ) - c o n ta in in g  p e p t id e ,  c o l la g e n  e tc . ,  c a n  b e  f u r th e r  in t r o d u c e d  o n  th e  s u r f a c e  o f  
p o ly m e r ic  s c a f f o ld s .  T h e r e  a r e  m a n y  r e v ie w s  o n  p r o te in ,  p e p t id e  a n d /o r  g r o w th  
f a c to r  im m o b i l i z a t io n  o n to  th e  p o ly m e r  m a tr ic e s  f o r  u s e  a s  s c a f f o ld  f o r  t i s s u e  
e n g in e e r in g  d e m o n s t r a te d  f o l lo w s .

G a o  e t a l. ( 2 0 0 3 )  m o d i f i e d  p o ly u r e th a n e  ( P U )  m e m b r a n e s  b y  g r a f t in g  
p o ly m e r iz a t io n  o f  m e th a c r y l ic  a c id  ( M A A )  in i t i a te d  b y  u v  l ig h t  a n d  f u r th e r  
c o v a le n t ly  im m o b i l i z a t io n  o f  g e l a t in  o r  a r g in in e - g ly c in e - a s p a r t ic  ( R G D )  p e p t id e  
u s in g  l - e th y l - 3 - ( 3 - d im e th y la m in o p r o p y l ) c a r b o d i im id e  h y d r o c h lo r id e  a s  c o n d e n s in g  
a g e n t .  T h e  r e s u l t s  f o r  e n d o th e l ia l  c e l l s  c u l tu r e d  o n to  th e s e  m e m b r a n e s  p r o v e d  th a t  th e  
P U  m e m b r a n e  m o d if i e d  w i th  g e la t in  o r  R G D  p e p t id e  h a d  b e t te r  c y to c o m p a t ib i l i l t y  
th a n  th e  c o n tr o l  P U  o r  th e  P M M A  g r a f te d  P U  m e m b ra n e .

A y h a n  e t a l. ( 2 0 0 2 )  in v e s t ig a t e d  n o n w o v e n  p o ly  P L - la c t id e  ( P D L L A )  
m a tr ic e s  f o r  t i s s u e  r e p a ir .  P D L L A  w a s  s y n th e s iz e d  b y  r in g - o p e n in g  p o ly m e r iz a t io n  
o f  D L - la c t id e  a n d  n o n w o v e n  P D L L A  m a tr ic e s  w a s  c a r r ie d  o u t  b y  g lo w - d is c h a r g e  
t r e a tm e n t ,  f o l lo w e d  b y  g lu t a r a ld e h y d e  in c o r p o r a t io n .  A d d i t io n a l ly ,  b io lo g ic a l  
m o d if i c a t io n  b y  im m o b i l i z a t io n  o f  c o l la g e n  a n d  o r  f ib r o n e c t in .  F ib r o b la s t - l i k e ,  3 T 3  
a n d  e p i th e l ia l - l i k e  M D B K  c e l l s  w e r e  s e le c te d  a s  m o d e l  c e l l .  T h e  m o d if i e d  m a tr ic e s  
in c r e a s e d  c e ll  a d h e s io n  a n d  p r o l i f e r a t io n  c o m p a r e  to  u n t r e a te d  P D L L A  m a tr ic e s .
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Z h u  e t a l. ( 2 0 0 2 a )  c o v a le n t ly  in t r o d u c e d  a m in o  g r o u p s  o n to  a  
p o ly c a p r o la c to n e  ( P C L )  m e m b r a n e  b y  th e  r e a c t io n  b e tw e e n  1 ,6 - h e x a n e d ia m in e  a n d  
th e  e s te r  g r o u p  o f  P C L , b io c o m p a t ib le  m a c r o m o le c u le s  s u c h  a s  g e la t in ,  c h i to s a n  o r  
c o l la g e n  w e r e  f u r th e r  im m o b i l i z e d  o n  th e  a m in o ly z e d  P C L  m e m b r a n e  v ia  
g lu t a r a ld e h y d e  a s  a  c r o s s l in k  a g e n t .  T h e  e n d o th e l ia l  c e ll  c u l tu r e  p r o v e d  th a t  th e  
c y to c o m p a t ib i l i ty  o f  th e  a m in o ly z e d  P C L  w a s  im p r o v e d  d u e  to  th e  c e ll  a t t a c h m e n t  
a n d  p r o l i f e r a t io n  r a t io s  w e r e  o b v io u s ly  im p ro v e d .

Z h u  e t a l. ( 2 0 0 2 b )  m o d i f i e d  p o ly c a p r o la c to n e  ( P C L )  m e m b r a n e  b y  g r a f t in g  
c o p o ly m e r i z a t io n  o f  m e th a c r y l ic  a c id  ( M A A )  in i t i a te d  u n d e r  u v  l ig h t  a n d  f u r th e r  
c o v a le n t ly  im m o b i l i z e d  o f  g e la t in  o n to  th e  m o d if i e d  s u r f a c e  ,u s in g  c o n d e n s in g  
a g e n t ,  l - e th y l - 3 - ( 3 - d im e th y la m in o  p r o p y l )  c a r b o d i im id e  h y d r o c h lo r id e .  T h e  
e n d o th e l ia l  c e ll  c u l tu r e  p r o v e d  th a t  th e  P C L  m e m b r a n e  s l ig h t ly  m o d i f i e d  w i th  
s u i ta b le  a m o u n t  o f  P M A A  o r  g e l a t in  h a d  b e t te r  c y to c o m p a t ib i l i ty  th a n  c o n t r o l  P C L  
o r  P C L  m e m b r a n e  h e a v i ly  m o d if i e d  w i th  P M A A  o r  g e la t in .

u v
H.O,

-OOH
OOH

u v ๆ ^  J COOH

Gelatin

F i g u r e  2 .1 0  T h e  s c h e m a t ic  r e p r e s e n ta t io n  o f  p h o to - in d u c e d  g r a f t in g  w i th  P M A A  
a n d  f u r th e r  im m o b i l i z a t io n  w i th  g e la t in  o n  P C L  m e m b r a n e  s u r fa c e . ( Z h u  e t a l., 
2 0 0 2 b )

Z h u  e t a l.  ( 2 0 0 4 )  d e v e lo p e d  s e v e r a l  m e th o d s  to  e n h a n c e  th e  
c y to c o m p a t ib i l i ty  o f  c e ll  a n d  p o ly m e r .  P o ly - L - la c t i c  a c id  ( P L L A )  w a s  s e le c t e d  a s  
m a tr ix  to  c o m p a r e  th e  e f f ic i e n c y  o f  th e  f o l lo w in g  m e th o d :  1) a m in o ly s is  ( P L L A -  
N H 2) 2 )  c o l la g e n  im m o b i l i z a t io n  w i th  g lu t a r a ld e h y d e  ( P L L A - G A - C o I )  3 ) 
c h o n d r o i t in  s u l f a te  ( C S ) /c o l la g e n  la y e r - b y - l a y e r  ( L B L )  a s s e m b ly  ( P L L A - C S /C o l )  4 )  
p h o to - in d u c e d  g r a f t in g  c o p o ly m e r i z a t io n  o f  h y d r o p h i l i c  m e th a c r y l ic  a c id  ( M A A )
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( P L L A - g - P M A A )  a n d  5 ) f u th e r  im m o b i l i z a t io n  o f  c o l la g e n  w i th  l - e th y l - 3 - ( 3 -  
d im e th y la m in o  p r o p y l )  c a r b o d i im id e  h y d r o c h lo r id e  ( E D A C )  ( P L L A - g - P M A A - c o l) .  
H u m a n  u m b il ic a l  e n d o th e l ia l  c e l l s  ( H U V E C s )  w e r e  c u l tu r e  o n to  th e s e  m a te r ia ls .  T h e  
w a te r  c o n ta c t  a n g le  m e a s u r e m e n t  in d ic a te d  th a t  a l l  th e  m o d i f i c a t io n  c a n  im p r o v e  t h e  
c y to c o m p a t ib i l i ty  o f  P L L A . A ll  th e  c o l la g e n - m o d i f ie d  P L L A  a ls o  s h o w e d  m o re  
p o s i t i v e  c e ll r e s p o n s e  th a n  th o s e  p u r e ly  a m in o ly z e d  o r  P M A A  g ra f te d .

C h e n g  e t a l.  ( 2 0 0 4 )  p r e p a r e d  P C L  f i lm  b y  u s in g  s o lv e n t  c a s t in g  a n d  b ia x ia l  
s t r e tc h in g  te c h n iq u e .  T h e  P C L  f i lm  w a s  p r e t r e a te d  u s in g  A r g o n  p la s m a , a n d  th e n  u v  
p o ly m e r iz e d  w i th  a c r y l ic  a c id  ( A A c ) . C o l la g e n  im m o b i l i z a t io n  w a s  th e n  c a r r ie d  o u t. 
R e s u l t s  o f  w a te r  c o n ta c t  a n g le  s h o w e d  th a t  th e  h y d r o p h i l i c i ty  o f  th e  s u r f a c e  h a s  
im p r o v e d  s ig n i f ic a n t ly  a f te r  s u r f a c e  m o d if ic a t io n .  H u m a n  d e r m a l  f ib r o b la s t s  a n d  
m y o b la s t s  w e r e  s e e d e d  o n to  P C L  f i lm s . T h e  c e l l  a t t a c h m e n t  a n d  p r o l i f e r a t io n  w e r e  
im p r o v e d  r e m a r k a b ly  o n  th e  m o d if i e d  s u r fa c e . T h e r e  w a s  n o t  o n ly  n o  in c r e a s e  o f  c e ll 
n u m b e r  o n  th e  u n m o d i f i e d  P C L  f i lm  s u r f a c e ,  b u t  a l s o  o n ly  a  f e w  c e l l s  w e r e  
o b s e rv e d .

F i g u r e  2 .1 1  S c h e m a t ic  r e p r e s e n ta t io n  o f  th e  p r o c e s s  o f  u v  in t r o d u c e d  A A c  
g r a f t in g  a n d  c o l la g e n  im m o b i l i z a t io n  ( C h e n g  e t a l., 2 0 0 4 ) .

Z h u  e t a l. ( 2 0 0 6 )  s y n th e s i z e d  a  b io d e g r a d a b le  a n d  f le x ib le  p o ly  ( L - la c t id e -  
c o - c a p r o la c to n e )  ( P L L C )  c o p o ly m e r .  T h e  s u r f a c e  m o d i f i c a t io n  o f  th e s e  m a te r ia l s  v ia  
a m in o ly s i s  b y  1 ,6 - h e x a n e d ia m in e  to  in t r o d u c e  f re e  a m in o  g r o u p s  a n d  l in k e d  
c o v a le n t ly  w i th  f ib r o n e c t in  a n d  c o l la g e n .  U s in g  g lu t a r a ld e h y d e  a s  a  c o u p l in g  a g e n t. 
P r o te in - b o n d e d  s u r f a c e  p r e s e n te d  m o r e  h y d r o p h i l i c  a n d  h o m o g e n e o u s  c e l l  c u l tu re
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d e m o n s t r a te d .  T h e  m o d if ie d  P L L C  is  m o r e  f a v o r a b le  to  e p i th e l iu m  t i s s u e  
r e g e n e r a t io n  th a n  th e  u n m o d if ie d  P L L C .

S a n t ia g o  e t a l. ( 2 0 0 6 )  p r e p a r e d  P C L  d i s k s  w i th  a v e r a g e  th ic k n e s s  ~  (2 2 7 .7  ±
1 6 .3 )  p m  ( d e te r m in e d  b y  S E M )  a n d  m o d if ie d  th e i r  s u r f a c e  w i th  1 ,6  h e x a n e d ia m in e  
in  o r d e r  to  p r o m o te  th e  a t t a c h m e n t  a n d  p r o l i f e r a t io n  o f  a d ip o s e - d e r iv e d  s te m  c e ll  
( A S C s ;  a s  a  s o u r c e  o f  a d u lt  s te m  c e l l s  fo r  t i s s u e  e n g in e e r in g  a p p l ic a t io n :  b o n e , 
c a r t i l a g e ) .  P e p t id e  s e q u e n c e s  d e r iv e d  f ro m  E C M  p r o te in  la m in in  w e r e  e a c h  
c o v a le n t ly  a t t a c h e d  to  a n  a m in a te d  p o ly m e r  s u r f a c e  u s in g  c a r b o d i im id e .  A  h ig h  
n u m b e r  o f  c e ll  o b s e r v e d  in  th e  t r e a te d  P C L  d i s k  in  c o m p a r i s o n  w i th  u n t r e a te d  P C L . 
T h i s  s tu d y  in d ic a te d  th a t  im m o b i l i z a t io n  o f  p e p t id e  s e q u e n c e s  h a s  p o te n t ia l  in  
p r o m o t in g  th e  a t t a c h m e n t  A S C s  to  b io c o m p a t ib le  s c a f fo ld .

E d lu n d  e t a l. (2 0 0 8 )  p r e s e n te d  s u r f a c e  m o d i f i c a t i o n  p a th w a y  o f  p o ly (L -  
la c t id e )  a n d  p o ly ( e - c a p r o la c to n e )  ( P C L )  s c a f f o ld  in  a  th r e e - s te p  c o u p l in g  p r o c e d u r e .  
In  th is  c a s e , a  g r o w th  f a c to r  p o ly m e r s  s c a f fo ld  w a s  h e p a r in  c o v a le n t ly  b o n d e d  to  th e  
s u r f a c e  a n d  a n  o s t e o in d u c t iv e  g r o w th  f a c to r  im m o b i l i z e d  in  th e  h e p a r in  l a y e r .  T h e  
r e s u l t  s h o w e d  th a t  th e  b io c o m p a t ib i l i ty  o f  f u n c t io n a l i z e d  s u r f a c e s  m u c h  im p r o v e d  
c e ll  a t t a c h m e n t  a n d  p r o l i f e r a t io n  o f  m e s e n c h y m a l  s te m  c e l l s  ( M S C s )  a s  c o m p a r e d  to  
a  p h y s ic a l  c o a t in g  o f  B M L -2  to  a  s u b s tr a te .

S h e n  e t a l. (2 0 0 9 )  in v e s t ig a te d  th e  im m o b i l i z a t io n  o f  r h B M P - 2  o n  p o ly  
a c e to n e - ty p e  p o ly m e r  s c a f fo ld s  v ia  p l a s m a  t r e a tm e n t  u n d e r  d i f f e r e n t  a tm o s p h e r e s  
( o x y g e n ,  a m m o n ia  a n d  c a rb o n  d io x id e )  to  in t r o d u c e  f u n c t io n a l  g r o u p s  o n  th e  s u r f a c e  
o f  P L G A  m a tr ix .  T h e  e f fe c t  o f  v a r io u s  p la s m a - t r e a te d  P L G A  f i lm  o n  b in d in g  
r h B M P - 2  w a s  s tu d ie d  a n d  c o m p a r e d .  T h e  r e s u l t  s h o w e d  th a t  th e  b in d in g  a b i l i t y  o f  
th e  o x y g e n  p la s m a - t r e a te d  P L G A  to  r h B M P - 2  p la y e d  m a in  r o le s  in  im p r o v in g  th e  
b in d in g  a b i l i ty .  M o u s e  O C T -1  o s t e o b la s t - l ik e  c e l l  a s  a  m o d e l  c e ll  w a s  c u l t iv a te d  o n  
th e  r h B M P - 2  b o u n d  o x y g e n - t r e a te d  P L G A . T h e  im m o b i l i z e d  r h B M P - 2  h a d  
s t im u la te d  d i f f e r e n t ia t io n  o f  O C T -1  c e ll  a n d  a c c e le r a te d  p r o c e s s  o f  m in e r a l i z a t io n  o f  
O C T -1  in  th e  s c a f fo ld .

S a v a r in o  e t a l. ( 2 0 0 7 )  h a v e  in v e s t ig a te d  th e  a b i l i t y  o f  c e l lu la r  c o n s t r u c t io n  
o f  p o ly - £ - c a p r o la c to n e  ( P C L )  p o r o u s  s c a f fo ld ,  s e e d e d  w i th  a u to lo g o u s  r a b b i t  b o n e  
m a r r o w  s t ro m a l  c e l l s  ( B M S C s )  a n d  b o n e  m o r p h o g e n e t i c  p r o te in  4 - e x p r e s s in g
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B M S C s . T h e  r e s u l t  s c a r c e  b o n e  fo rm a t io n  a n d  s c a r c e  b o n e  r e s o r p t io n  in  P C L  w i th o u t  
c e ll . In  c o n s tr a s t ,  P C L  s e e d e d  w i th  g r o w th  f a c to r  e x p r e s s e d  c e ll  s t im u la te d  n e w  
t i s s u e  f o rm a t io n .  P C L  a lo n e  d id  o n ly  in d u c e  a  m in o r  f o r e ig n  b o d y  r e a c t io n  w h i l e  th e  
p o te n t ia l  a c t io n  o f  B M S C s  a n d  B M P  o n  th e  in c r e a s e d  r e c r u i tm e n t  o f  i n f l a m m a to r y  
c e ll  b o th  a ro u n d  a n d  in to  P C L  s c a f fo ld  r e m a in s  to  b e  c la r i f ie d .

M a t ta n a v e e  e t a l.( 2 0 0 9 )  p r e p a r e d  P C L  in  th e  f o r m  o f  e le c t r o s p u n  f ib r o u s  
s c a f fo ld s ,  f i r s t  m o d if i e d  w i th  1 ,6 - h e x a m e th y le n e d ia m in e  to  in t r o d u c e  a m in o  g r o u p s  
o n  th e i r  s u r f a c e ,  a n d  th e n  im m o b i l i z e d  v a r io u s  b io m o le c u le s ,  i .e . ,  c o l la g e n ,  c h i to s a n ,  
a n d  G ly - A r g - G ly - A s p - S e r  ( G R G D S )  p e p t id e  o n  th e i r  s u r f a c e ,  w i th  N J V - . 
d i s u c c in im id y lc a r b o n a te  b e in g  u s e d  a s  th e  c o u p l in g  a g e n t .  T h r e e  d i f f e r e n t  c e l l  lines,- 
e .g .,  m o u s e  f ib r o b la s ts  ( L 9 2 9 ) ,  h u m a n  e p id e r m a l  k é r a t in o c y te s  ( H E K 0 0 1 ) ,  a n d  
m o u s e  c a lv a r i a - d e r iv e d  p r e o s t e o b la s t ic  c e l l s  ( M C 3 T 3 - E 1 )  w e r e  c u l tu r e d  to  e v a lu a te  
th e  p o te n t ia l  f o r  u s e  o f  th e s e  P C L  f ib r o u s  s c a f fo ld s ,  th e  r e s u l t  d e m o n s t r a te  th a t  ty p e  L  
c o l la g e n -  im m o b i l i z e d  P C L  f ib r o u s  s c a f f o ld s  s h o w e d  th e  g r e a te s t  a b i l i t y  to  s u p p o r t  ' 
th e  a t t a c h m e n t  a n d  p r o l i f e r a t io n  o f  a ll  o f  th e  in v e s t ig a t e d  c e l l  ty p e s ,  f o l lo w e d  b y  
th o s e  th a t  h a d  b e e n  im m o b i l i z e d  w i th  G R G D S  p e p t id e  a n d  n e a t  P C L  s c a f fo ld .
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F i g u r e  2 .1 2  C h e m ic a l  p a th w a y  f o r  th e  im m o b i l i z a t io n  o f  d i f f e r e n t  b io m o le c u le s ,  
s u c h  a s  c o l la g e n ,  c h i to s a n ,  o r  G R G D S  p e p t id e  ( i .e . ,  H - G ly - A r g - C ly - A s p - S e r - O H ) ,  
o n  th e  s u r f a c e  o f  th e  e le c t r o s p u n  P C L  f ib r o u s  s c a f f o ld s  ( M a t t a n a v e e  e t  a l.,  2 0 0 9 ) .

T h e  p r e s e n t  p u r p o s e  f o c u s e s  o n  im p r o v in g  s u r f a c e  h y d r o p h i l i c i t y  o f  
e le c t r o s p u n  P C L  f ib e r  m a ts  b y  a m in o ly s is  w i th  1 ,6 - h e x a m e th y le n e d ia m in e  to  
in t r o d u c e  f r e e  a m in o  g r o u p s  o n to  a  e s te r - c o n ta in in g  p o ly m e r  s u r f a c e .  M a n y  ty p e  o f  
p r o te in s ;  i .e .g e la t in  ty p e - A , g e la t in  ty p e - B , b o v in e  s e ru m  a lb u m in  a n d  c r u d e  b o n e
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protein were further immobilized using N ,  TV-disuccinimidyl carbonate (DSC) as a 
coupling agent. Direct cytotoxicity test was firstly use to evaluate the toxicity o f all 
proteins (used in this study) to cells. Indirect cytotoxicity evaluation of the 
aminolyzed, activated, protein-immobilized PCL electrospun fibrous scaffold based 
on pre-osteoblasts (MC3T3-E1) was subsequently investigated. Morphological 
appearance of pre-osteoblasts (MC3T3-E1) cultured on these modified electrospun 
fibrous scaffolds was observed. The potential use o f surface-modified PCL 
electrospun fibrous mats as bone scaffolds was further evaluated i n  v i t r o  with 
MC3T3-E1 in terms of attachment, proliferation, and differentiation o f the cells that 
were cultured on the scaffolds. For differentiation study, the ALP activity was used 
as an early marker of differentiation and mineralization experiment was used to 
determine the quanlity of mineral substances (calcium and phosphate) to which 
MC3T3-E1 differentiated and changed. The results were compared with those of 
TCPS.
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