
CHAPTER V
DEVELOPMENT OF POROUS HYDROXYAPATITE PARTICLES AS 
CARRIERS OF PROTEINS IN A POLYCAPROLACTONE SCAFFOLD 

FOR BONE TISSUE ENGINEERING

5.1 Abstract

T h is  s tu d y  a im e d  to  d e v e lo p  th e  p o r o u s  h y d r o x y a p a tite  (H A p )  p a r t ic le s  as a  
c o n tr o lle d  r e le a se  carr ier  o f  p r o te in s  w a s  e m b e d d e d  in  p o ly c a p r o la c to n e  (P C L ) to  
fa b r ica te  p o r o u s  H A p -P C L  s c a f fo ld s . P ro te in s  (O v a lb u m in , G e la t in  ty p e  B , B o v in e  
S eru m  A lb u m in  an d  C ru d e  b o n e  p ro te in ) h a d  b e e n  en tra p p ed  w ith in  th e  H A p  
p a r tic le s . T h e  p o r o u s  H A p -P C L  s c a f fo ld s  w e r e  p rep a red  b y  so lv e n t  
c a st in g /p a r t ic u la te  le a c h in g  m eth o d . D e so r p tio n  b e h a v io r  o f  H A p -P C L  s c a f fo ld s  w a s  
in v e s t ig a te d  b y  U V - V is ib le  sp e c tr o p h o to m e tr y . T h e  p o te n tia l fo r  u s e  o f  H A p -P C L  as  
b o n e  s c a f fo ld s  w a s  a s s e s s e d  b y  m o u s e  c a lv a r ia  d e r iv e d  p r e -o s te o b la s t ic  c e l ls ,  
M C 3 T 3 -E 1 , in  term s o f  in d irect c y to to x ic ity ,  c e l l  a tta c h m e n t, c e l l  p ro life r a tio n , 
a lk a lin e  p h o sp h a ta te  (A L P )  a c t iv ity , an d  m in e r a liz a tio n .

(Key-words: b o n e  s c a f fo ld s ;  p a rticu la te  le a c h in g ;  p o ly c a p r o la c to n e ;  h y d r o x y a p a tite )

5.2 Introduction

M o d e m  t is s u e  e n g in e e r in g  c o m b in e s  m a te r ia ls  s c ie n c e  w ith  b io te c h n o lo g y  
and  b io lo g y  to  rep a ir  an d  r e p la ce  d a m a g e d . It h a s  b e e n  s h o w n  th a t n e w  t is s u e s  ca n  b e  
e n g in e e r e d  fro m  l iv in g  c e l l s  and  th r e e -d im e n s io n a l s c a f fo ld s . T h e  s u c c e s s  o f  th e se  
a p p r o a c h e s  is  la r g e ly  d e p e n d e n t  o n  th e  s c a f fo ld  p ro p er tie s . T h e  id e a l s c a f fo ld  sh o u ld  
h a v e  th e  f o l lo w in g  c h a ra c ter is tic s:  (1 )  A p p ro p r ia te  p o r o s ity , p o r e  s iz e  an d  p ore  
stru ctu re to  en su r e  th e  n u tr itio n  o f  c e l l s ,  c e l l  a tta c h m e n t an d  c e l l  p r o life r a tio n  w ith in  
th e  s c a f fo ld  (2 )  M e c h a n ic a l ly  s tr o n g  e n o u g h  to  m a in ta in  stru ctu ral in te g r ity  d u rin g  
c u ltu re , w h ic h  is  p a r ticu la r ly  im p o rtan t in  lo a d -b e a r in g  b o n e  t is s u e s .  T h e  m ateria l
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sh o u ld  b e  s tr o n g  e n o u g h  to  w ith sta n d  p h y s io lo g ic a l  s tr e sse s , an d  to  tran sfer  lo a d s  
after  im p la n ta tio n . ( 3 )  A d e q u a te  d e g ra d a tio n  p r o p er tie s  in  w h ic h  th e  rate o f  s c a f fo ld  
d e g ra d a tio n  su p p o r ts  th e  m a in te n a n c e  o f  stru ctu re su p p o rt fo r  c e llu la r  p r o life r a tio n  
and  e x tr a c e llu la r  m a tr ix  (E C M ). ( 4 )  B io c o m p a t ib le  s o  that th e  m a ter ia l u s e d  to  
m a n u fa ctu re  th e  s c a f fo ld  d o e s  n o t  e v o k e  an  e x tr e m e  a d v e r se  in fla m m a to r y  or  
im m u n e  r e s p o n s e  o n c e  im p la n te d . In stea d , th e  m a ter ia l sh o u ld  b e  a b le  to  in tegra te  
w ith  th e  h o s t  t is s u e  an d  su p p o rt c e l l  in f iltra tio n , c e l l  a tta ch m en t fo r  b o n e  fo r m a tio n
(5 )  A p p ro p r ia te  m a n u fa c tu r in g  p r o c e s s , th e  m a n u fa c tu r in g  p r o c e s s e s  s h o u ld  n o t  
a ffe c t  th e  m a te r ia l’s b io c o m p a t ib il ity  a s  a  re su lt  o f  r e s id u a l c h e m ic a ls  in v o lv e d  in  
th e se  p r o c e s s e s  (C h o o n g  c . e t a l ,  2 0 0 4 ) .

In  th is  re se a r c h , th r e e -d im e n s io n s  H A p -P C L  p o r o u s  s c a f fo ld s  w e r e  p rep ared  
b y  s o lv e n t  c a s t in g /p a r t ic le  le a c h in g  m e th o d  w ith  s o d iu m  c h lo r id e  a s  a  p o r o g e n . T h e  
in c lu s io n  o f  c a lc iu m  p h o sp h a te s  (C a P s )  in  b io d e g r a d a b le  p o ly m e r s  e n h a n c e s  th e  
o s te o c o n d u c t iv e  o f  b o n e  sc a ffo ld . S p e c if ic a l ly ,  th e  in c lu s io n  o f  C a P s  in  p o ly m e r  
s c a f fo ld s  e n h a n c e s  its  m in era l d e p o s it io n  rate, m e c h a n ic a l p r o p e r tie s , an d  p r o te in  
a d so r p tio n , th u s  im p r o v in g  th e  o v e r a ll p o te n tia l o f  b o n e  s c a f fo ld  (P o rter , J o sh u a  R  et 
a l ,  2 0 0 9 ) .

5.3 Experimental

5 .3 .1  M a te r ia ls
•  P o ly c a p r o la c to n e  (P C L ;8 0 ,0 0 0  g  m o l '1; S ig m a -A ld r ic h , บ ร A )
•  S o d iu m  c h lo r id e  (A ja x  F in e c h e m , A u str a lia )
•  C h lo r o fo r m  (L a b sca n ; A s ia , T h a ila n d )
•  M o d if ie d  E a g le ’s  m e d iu m  (M E M ; T h e r m o  S c ie n t if ic ,  U S A )
•  F eta l b o v in e  seru m  (F B S ;S o r a li, C a m p o  G ran d e B r a z il)
•  1 %  L -g lu ta m in e  (In v itr o g e n  C o rp ., U S A )
•  1 % L a cta b u m in  (In v itr o g e n  C o rp ., U S A )
•  1 %  a n tib io tic  (In v itr o g e n  C o rp ., U S A )
•  B ic in c h o n in ic  a c id  (B C A ; T h erm o  S c ie n t if ic ,  U S A )
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5 .3 .2  P rep a ra tio n  o f  P o lv c a p r o la c to n e  (P C L )-H y d r o x y a p a t ite  (H A p )
S c a f fo ld

A  s o lv e n t  c a s t in g  and  sa lt  p a r ticu la te  le a c h in g  w a s  u se d  to  p rep are th e  
s c a ffo ld . F ir s t ly , P C L  g r a n u le s  w e r e  p u t in to  a  g la s s  b o tt le  w ith  c h lo r o fo r m  to  m a k e  
u p  a  P C L  s o lu t io n  in  th e  c o n c e n tr a t io n  o f  14  p e r c e n ta g e s  o f  p o ly m e r  w e ig h t  b y  
v o lu m e  o f  th e  s o lu t io n  ( w /v ) ,  th en  th e  s o lu t io n  w a s  stirred  at ro o m  tem p era tu re  for  2  

h. S e c o n d ly , p r o te in - lo a d e d  H A p  w e r e  a d d ed  in to  th e  g la s s  b o tt le  an d  th ey  w e r e  
stirred  to g e th e r . T h ir th ly , N a C l sa lt  p a r tic le s  w ith  s iz e  o f  4 0 0  p m  (P C L /N a C l =  1 /3 0 )  
( พ /พ )  w e r e  a d d e d  in to  th e  g la s s  b o ttle  and  th e y  w e r e  m ix e d  to g e th e r . A n d  f in a lly , th e  
m ix tu r e  w a s  p a c k e d  in to  th e  p e tr i-d ish  w ith  th e  d im e n s io n  o f  1 0 x 1 0  c m . T h e  m o ld  
w a s  th en  le ft  in  th e  h o o d  fo r  2 4  h  and  im m e r se d  in  th e  d is t i l l  w a ter  1 d a y  for  ta k in g  
th e  m o ld  ou t. T h e  m a te r ia ls  that c o m e  o u t w e r e  im m e r se d  in  D I w a te r  fo r  2  d a y s , 
d u r in g  w ith  t im e  th e  w a te r  w a s  c h a n g e d  a p p r o x im a te ly  e v e r y  8  h  u n d er  th e  ro o m  
tem p era tu re  fo r  th e  le a c h in g  o u t  th e  sa lt  p a r t ic le s . T h e n  th e  m a te r ia ls  w e r e  a ir-d ried  
fo r  2 4  h  and  fr e e z e -d r ie d  o v e r n ig h t  to  o b ta in  p o r o u s  s c a f fo ld s  (P ra sa n su k la p  et al.,
2 0 0 8 ) .

5.4 Characterization of Porous Scaffolds

5 .4 .1  P o r o s ity , P o r e  V o lu m e  an d  P o re  S iz e
T h e  d e n s ity  o f  th e  s c a f fo ld s  (p  scaffold) i s  d e te r m in e d  b y  u s in g  a  

S a rto r iu s Y D K 0 1 , G e r m a n y  d e n s ity  m e a su r e m e n t k it  (B u o y a n c y  m e th o d )  w h ic h  ca n  
b e  c a lc u la te d  u s in g  th e  f o l lo w in g  e q u a tio n .

p scaffold — W a  x p fl
W a *  Wfl

W h ere  w a is  th e  w e ig h t  o f  th e  s c a f fo ld  in  air, W fl is  th e  w e ig h t  o f  th e  s c a f fo ld  in  
w a te r  an d  p scaffold i s  th e  d e n s ity  o f  th e  w a ter  (a t 2 5 ° c ,  pft ~  1 g /c m 3).

T h e  p o r o s ity  an d  p ore  v o lu m e  o f  th e  s c a f fo ld s  w e r e  c a lc u la te d  u s in g  
th e  f o l lo w in g  e q u a t io n  (H o u , Q in g p u  et al., 2 0 0 3 )
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P o r o s ity  (% ) r
1 ■  p  scaffold

p  polymer

X 1 0 0

P o re  v o lu m e  =  1
p  scaffold p  polymer

w h e r e  p scaffold is  th e  ap p aren t d e n s ity  o f  th e  p o r o u s  s c a f fo ld s  a n d  p polymer is  th e  
d e n s ity  o f  th e  n o n -p o r o u s  p o ly m e r , c o m p r e s s io n  m o u ld e d  in  th e  s a m e  m an n er .

P o re  s iz e  o f  th e  s c a f fo ld  w a s  m e a su r e d  o n  th e  S E M  m icro g ra p h  w ith  
th e  U T H S C S A  Im a g e  T o o l  v e r s io n  3 .0  so ftw a r e . T h e  a v e r a g e  v a lu e s  w e r e  c a lc u la te d  
fro m  th e  to ta l 2 5  p o r e s  a n d  a c c e p t  a s  th e  m e a n  p o re  s iz e s .

5 .4 .2  W ater  A b so r p t io n  C a p a b ility
T h e  d ry  s c a f fo ld  s c a f fo ld s  w e r e  w e ig h te d  an d  th e n  w e r e  im m e r se d  in  

5 m l o f  p h o sp h a te  b u ffe r  s ila n e  s o lu t io n  (P B S  p H  7 .4 )  s o lu t io n  a t r o o m  tem p era tu re  
fo r  3 d a y s . S c a f fo ld s  w e r e  r e m o v e d  fro m  th e  s o lu t io n  an d  c a r e fu lly  p la c e d  o n  th e  
g la s s  fo r  5 s e c o n d s  to  r e m o v e  th e  e x c e s s iv e  w a te r  a n d  w e ig h t  im m e d ia te ly . T h e  
w a ter  a b so r p tio n  w a s  c a lc u la te d  u s in g  th e  f o l lo w in g  e q u a tio n .

W a ter  a b so rp tio n  ( % ) =  (M  wet -  M  dry) x  1 0 0

M  dry

W h ere  M  dry an d  M  wet are th e  w e ig h t  o f  th e  s c a f fo ld  b e fo r e  a n d  a fte r  im m e r s io n  in  
w a ter , r e s p e c t iv e ly . F iv e  m e a su r e m e n ts  w e r e  p e r fo r m e d  fo r  th e  c a lc u la t io n  o f  an  
a v e r a g e  w a te r  a b so r p tio n  v a lu e .

5 .4 .3  M o r p h o lo g y  o f  P o r o u s  S c a f fo ld s
T h e  m o r p h o lo g y  o f  th e  p o r e s  s iz e  o f  th e  p o r o u s  s c a f fo ld  w e r e  

o b se r v e d  b y  a  JE O L  J S M -5 2 0 0  sc a n n in g  e le c tr o n  m ic r o s c o p y  (S E M ). T h e  s c a f fo ld s  
w e r e  cu t w ith  razo r  b la d e  at th e  m id d le  o f  th e  s c a f fo ld s  an d  m o u n te d  o n  stu b s . C r o ss  
se c t io n s  o f  th e  s c a f fo ld s  w e r e  c o a te d  w ith  th in  f ilm  o f  g o ld  u s in g  J E O L  J F C -1 1 0 0 E  
sp u tter in g  d e v ic e s  fo r  1 2 0  s e c o n d .
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5 .4 .4  In Vitro R e le a s e  o f  P ro te in s  fr o m  S c a f fo ld
T h e  p r o te in s /H A p -P C L  w e r e  im m e r se d  in  1 m l o f  th e  m in im u m  

e s s e n tia l m e d iu m  (M E M ; H y c lo n e , T h e r m o s c ie n t if ic , U S A )  in  2 4  w e l l  p la te . A l l  
sa m p le s  w e r e  in c u b a te d  in  a  sh a k in g  w a ter  b a th  (7 0  r p m ) at 3 7  °c. T h e  a m o u n t o f  
p r o te in s  r e le a s in g  fro m  s c a ffo ld  to  th e  su p ern a ta n t w a s  m e a su r e d  b y  B C A  p ro te in  
a ssa y  at v a r io u s  t im e s . A fte r  th e  r e le a s in g  m e d iu m  (sa m p le  s o lu t io n )  w a s  w ith d ra w n  
2 0  p i to  m ix e d  w ith  B C A  so lu t io n , an eq u a l a m o u n t o f  fr e sh  m e d iu m  w a s  ad d ed  to  
m a in ta in  a  c o n s ta n t  v o lu m e  o f  th e  m e d iu m . T h e  a m o u n t o f  p r o te in  in  th e  sa m p le  
s o lu t io n  w a s  d e te r m in e d  b y  U V -v is ib le  s p e c tr o s c o p y  at 5 6 2  n m . T h e  M E M  u se d  in  
th is  s tu d y  c o n ta in e d  p le n ty  o f  m u c h  h ig h  m o la r ity  in o r g a n ic  sa lts  c o m p a r in g  w ith  
th o s e  in  P B S  s u c h  a s N a C l  1 1 7 .2 4  M , KC1 5 .3 3  M , C a C l2  1 .8  M , N a H 2 P 0 4 -H 20  1.01  
M  (In v itr o g e n , 2 0 0 9 ) .

5.5 Cell culture
M o u s e  c a lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l l s  ( M C 3 T 3 -E 1 )  w e r e  cu ltu red  a s  

m o n o la y e r s  in  m in im u m  e s se n tia l m e d iu m  w ith  E a r le ’ s  B a la n c e d  S a lts  (M E M ;  
H y c lo n e , T h e r m o s c ie n t if ic , U S A ) ,  su p p le m e n te d  w ith  1 0  %  F B S , 1 %  L -g lu ta m in e  
an d  1 % a n tib io tic  and  a n t im y c o tic  fo r m u la t io n  ( c o n ta in in g  p e n ic i l l in  G  so d iu m ,  
s tr e p to m y c in  su lfa te , an d  a m p h o p e r ic in  B  (In v itr o g e n  C o rp , U S A ) .  C e l ls  w e r e  
c u lt iv a te d  in  5 %  C 0 2  at 3 7  °c in  a h u m id if ie d  a tm o sp h e r e .

5 .5 .1  In d irect C y to to x ic  S tu d y .
A n  in d irec t c y to to x ic  te st  w a s  c o n d u c te d  o n  th e  p r o te in s - lo a d e d  

h y d r o x y a p a tite  an d  P C L -H A p  s c a f fo ld  b y  u s e  M C 3 T 3 -E 1 . F irst, e x tr a c t io n  m é d ia s  
w e r e  p rep ared  b y  im m e r s in g  p o w d e r  o f  e a c h  p r o te in -lo a d e d  h y d r o x y a p a tite  and  
c ircu la r  sh a p e  o f  e a c h  P C L -H A p  s c a ffo ld  s p e c im e n s  a b o u t (1 5  m m  in  d ia m e te r )  in  
w e l ls  o f  a  2 4 - w e l l  cu ltu re  p la te  in  a  2  % M E M  (c o n ta in in g  M E M , 2  %  F B S , 1 %  L -  
g lu ta m in e , 1 %  a n tib io tic  and  a n tim y c o tic  fo r m u la t io n )  fo r  2 4  h . E a c h  o f  th e se  
e x tr a c tio n  m e d ia  w a s  u se d  to  e v a lu a te  th e  c y t o t o x ic i t y  o f  th e  H A p  p o w d e r  and  
s c a ffo ld . M C 3 T 3 -E 1  w a s  sep a ra te ly  cu ltu red  in  w e l ls  o f  a  2 4 - w e l l  cu ltu re  p la te  in  
se r u m -c o n ta in in g  M E M  for  16 h  to  a l lo w  c e l l  a tta c h m e n t o n  th e  p la te . T h e  c e l l s  w e r e  
th en  sta rved  w ith  2  % M E M  for  2 4  h , a fter  w h ic h  t im e  th e  m e d iu m  w a s  rep la ced
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w ith  an  e x tr a c tio n  m e d iu m . A fte r  2 4 , 4 8 , and 7 2  h  o f  c e l l  c u ltu r in g  in  th e  ex tr a c tio n  
m e d iu m , a  3 - (4 ,5 -d im e th y lth ia z o l-2 -y l) -2 ,5 -d ip h e n y l- te tr a z o liu m  b r o m id e  (M T T )  
a ssa y  w a s  carr ied  o u t to  q u a n tify  th e  am o u n t o f  v ia  c e l l s .

T h e  M T T  a ssa y  is  b a se d  o n  th e  r e d u c tio n  o f  th e  y e l lo w  té tr a z o liu m  
sa lt  to  p u rp le  fo r m a z a n  cry sta ls  b y  d e h y d r o g e n a se  e n z y m e s  se c r e te d  fro m  th e  
m ito c h o n d r ia  o f  m e ta b o lic a l ly  a c t iv e  c e l ls . T h e  a m o u n t o f  p u rp le  fo r m a z a n  c r y sta ls  
fo r m e d  is  p ro p o rtio n a l to  th e  n u m b er o f  v ia b le  c e l l s .  F irst, e a c h  o f  cu ltu re  m e d iu m  
w a s  a sp ira ted  an d  r e p la c e d  w ith  4 0 0  p i p er  w e l l  o f  M T T  s o lu t io n  at 0 .5  m g /m l fo r  a  
2 4 - w e l l  cu ltu re  p la te . S e c o n d ly , th e  p la te  w a s  in c u b a te d  fo r  3 0  m in s  at 3 7  °c. T h e  
s o lu t io n  w a s  th en  a sp ir ed  and  9 0 0  p i p er  w e l l  o f  d im e th y ls u lfo x id e  (D M S O )  
c o n ta in in g  12 5  p i p er  w e l l  o f  g ly c in e  b u ffe r  (p H = 1 0 )  is  a d d e d  to  d is s o lv e  th e  
fo rm a za n  c r y sta ls . F in a lly , a fter  10  m in  o f  rotary  a g ita t io n , th e  a b so r b a n c e  o f  th e  
D M S O  so lu t io n  at 5 7 0  lira w a s  m ea su red  u s in g  a  T h e r m o sp e c tr o n ic  G e n e s is  10  U V -  
V is ib le  sp e c tr o p h o to m e te r .

5 .5 .2  C e ll A tta c h m e n t and  C e ll P r o life r a tio n  ร ณ d v
M o u s e  c a lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l l s  (M C 3 T 3 -E 1 )  w e r e  

a l lo w e d  to  a tta ch  o n  th e  p o r o u s  s c a f fo ld  s p e c im e n s  an d  e m p ty  w e l l s  fo r  2 , 4 ,  an d  6  h . 
F or th e  p r o life r a tio n  s tu d y , th e  c e l l s  w e r e  a l lo w e d  to  a tta ch  o n  th e  p o r o u s  s c a f fo ld  
s p e c im e n s  an d  e m p ty  w e l l s  for  1, 3 , and  5 d . A t  e a c h  t im e  p o in t , a  n u m b er  o f  th e  
a tta ch ed  an d  p r o life r a te d  c e l l s  w e r e  q u a n tified  b y  M T T  a ssa y . E a c h  s p e c im e n  w a s  
r in sed  w ith  p h o sp h a te  b u ffered  sa l in e  to  r e m o v e  u n a tta ch ed  c e l l s  p r ior  to  th e  M T T  
a ssa y . T h e  m o r p h o lo g y  o f  th e  c e l l s  d u r in g  th e  a tta ch m en t an d  p r o life r a tio n  p e r io d s  
w a s  o b se r v e d  b y  S E M . A t  ea c h  t im e  p o in t , th e  cu ltu re  m e d iu m  w a s  r e m o v e d  and  
th en  th e  c e ll-c u ltu r e d  s c a f fo ld  s p e c im e n s  w e r e  r in se d  w ith  P B S  t w ic e ,  th e  c e l l s  w e r e  
th en  f ix e d  w ith  3 %  g lu ta ra ld eh y d e  s o lu t io n , w h ic h  w a s  d ilu te  fro m  5 0  %  
g lu ta r a ld e h y d e  s o lu t io n  w ith  P B S  5 0 0  p l/w e ll .  A fte r  3 0  m in , th e y  w e r e  r in se d  a g a in  
w ith  P B S . A fte r  c e l l  f ix a t io n , th e  sp e c im e n s  w e r e  d eh y d ra ted  in  an  e th a n o l so lu t io n  
o f  v a r y in g  c o n c e n tr a t io n  (3 0  % , 5 0  % , 7 0  % an d  9 0  % , r e s p e c t iv e ly ) .  T h e  s p e c im e n s  
w e r e  th e  d r ied  in  air. A fte r  c o m p le te ly  d r ied , th e  s p e c im e n s  w e r e  m o u n te d  o n  an  
S E M  b la ss  รณ b ร, c o a te d  w ith  g o ld  an d  o b se r v e d  b y  S E M .
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5 .5 .3  A lk a li  P h o sp h a te  A n a ly s is  (A L P )
M o u s e  c a lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l l s  (M C 3 T 3 -E 1 )  w e r e  

cu ltu red  o n  p o r o u s  s c a f fo ld s  fo r  5 an d  7  d  and  in  d if fe r e n t  p r o te in s  fo r  5 and 7  d  to  
o b se r v e  A L P  a c t iv ity . E a ch  p o r o u s  s p e c im e n  w a s  r in se d  w ith  P B S  a fter  r e m o v a l o f  
th e  cu ltu re  m e d iu m . A lk a lin e  ly s is  b u ffe r  (1 0  m M  tr is -H C l, 2  m M  M g C l2 , 0 .1  %  
T r ito n -X 1 0 0 ) , p H  1 0 ) ( 1 0 0 0  p l /w e l l )  w a s  ad d ed , an d  th e  s p e c im e n  w a s  scra p p ed  and  
th en  fr o z e n  at - 2 0  °c fo r  at le a s t  3 0  m in  prior to  th e  n e x t  s tep . A n  a q u e o u s  so lu t io n  o f  
2  m g  m l ' 1 p -n itr o p h e n y l p h o sp h a te  (P N P P ; Z y m e d  L a b o ra to r ie s)  m ix e d  w ith  0 .1  M  
a m in o p r o p a n o l ( lO p l /w e l l )  in  2  m M  M g C h  ( 1 0 0  p l /w e l l )  h a v in g  a  p H  o f  1 0 .5  w a s  
p rep ared  an d  a d d e d  in to  th e  sp e c im e n . It w a s  th en  in cu b a ted  at 3 7  °c fo r  2  m in . T h e  
r e a c tio n  w a s  s to p p e d  b y  th e  a d d itio n  o f  0 .9  m l/w e ll  o f  5 0  m M  N a O H , an d  th e  
ex tra c ted  s o lu t io n  w a s  tran sferred  to  c u v e tte  an d  p la c e d  in  th e  U V - V is  
sp e c tr o p h o to m e te r , fro m  w h ic h  th e  a b so r b a n c e  at 4 1 0  n m  w a s  m e a su r e d . T h e  a m o u n t  
o f  A L P  w a s  th e n  c a lc u la te d  a g a in st  a  B S A  stan dard  c u r v e . T o  d e te r m in e  th e  A L P  
a c t iv ity , th e  a m o u n t o f  A L P  h ad  to  b e  n o r m a liz e d  b y  th e  a m o u n t o f  to ta l p r o te in s  
sy n th e s iz e d . In  th e  p r o te in  a ssa y , e a c h  sp e c im e n  w a s  trea ted  in  th e  sa m e  m a n n er  as  
in  th e  A L P  a s s a y  u p  to  th e  p o in t  w h e r e  it w a s  fro z e n . A fte r  fr e e z in g , a  b ic in c h o n in ic  
a c id  (B C A ; T h e r m o s c ie n t if ic , U S A )  so lu t io n  w a s  in to  th e  sp e c im e n . It w a s  
su b se q u e n tly  in c u b a te d  at 3 7  °c fo r  5 m in . T h e  a b so r b a n c e  o f  th e  m e d iu m  so lu t io n  
w a s  th en  m e a su r e d  at 5 6 2  n m  b y  th e  U V - V is  sp e c tr o p h o to m e te r , an d  th e  a m o u n t o f  
th e  to ta l p r o te in s  w a s  c a lc u la te d  a g a in s t  a  B S A  stan d ard  cu r v e .

5 .5 .4  M in e r a liz a t io n  A n a ly s is
C a lc iu m  d e p o s it io n  w a s  q u a n tified  b y  A liz a r in  R e d  ร  s ta in in g .  

M C 3 T 3 -E 1  w e r e  c u ltu red  o n  th e  p o r o u s  s c a f fo ld s  in  2 4 - w e l l  p la te  fo r  21  d a y s . T h e  
cu ltu res  in  2 4 - w e l l  p la te  w e r e  r in sed  w ith  P B S  a fter th a t th e  c e l l s  w e r e  f ix e d  w ith  
c o ld  m e th a n o l fo r  10  m in  an d  w a sh e d  w ith  d e io n iz e d  w a te r  p rior  to  im m e r s io n  fo r  3 
m in  in  3 7 0  p i o f  1 %  A liz a r in  R ed  ร  so lu t io n  d is s o lv e d  in  1 :1 0 0  (v /v )  a m m o n iu m  
h y d r o x id e /w a te r  m ix tu r e  fo r  3 m in  (p H = 3 .3 ) . E a ch  s ta in e d  s p e c im e n  w a s  w a sh e d  
sev era l t im e s  w ith  D I w a te r  and  a ir-d ried  at r o o m  tem p era tu re . C a lc iu m  fo r m s  an  
A liz a r in  R e d  S -c a lc iu m  c o m p le x  in  a  c h e la tin g  p r o c e s s . T h e  s ta in e d  s p e c im e n  w a s
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p h o to g r a p h e d  an d  e lu te d  d y e  w ith  10%  c e ty lp y r id in iu m  c h lo r id e  fo r  2 0  m in . T h e  
A liz a r in  R e d  c o n c e n tr a t io n  w a s  d e te r m in e d  b y  m e a su r in g  th e  a b so r b a n c e  at 5 6 2  n m .

5.6 Results and discussion

5 .6 .1  M icro stru c tu re  o b se r v a t io n
F ig u r e  5 .1  d e m o n stra ted  th e  S E M  im a g e s  m icro stru c tu re  o f  th e  a s-  

p rep ared  s c a f fo ld s  w h e n  b e in g  v ie w e d  o n  th e  su r fa c e , an d  c r o s s  s e c t io n s . F o r  P C L  
an d  H A p /P C L  s c a f fo ld  w ith  N a C l ะ P C L , 30 :1  w e ig h t  ra tio . T h e  S E M  im a g e s  o f  (a)  
an d  (c )  s h o w e d  m a n y  sq u are  u n its  o ccu rr in g  fr o m  th e  sh a p e  o f  N a C l p o r o g e n s  u sed  
in  th e  fa b r ic a tin g  p r o c e s s . T h e y  s h o w e d  c le a r ly  sq u are  u n its  d u e  to  n ea t P C L  sc a ffo ld  
w h e r e a s  (b )  an d  (d )  e x h ib ite d  th e  lo s t  sq u are b e c a u s e  H A p s  e m b e d d e d  in  th e  P C L  
s c a ffo ld .

(a )  (b )
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(c )  (d )

Figure 5.1 S E M  im a g e s  illu stra te  m icro stru c tu re  o f  th e  s c a f fo ld s  o n  th e  su rface: (a )  
P C L , (b )  H A p -P C L  an d  o n  th e  c r o s s - s e c t io n s  ะ (c )  P C L , (d )  H A p -P C L .

5 .6 .2  D e n s ity . P o r o s ity , P o re  v o lu m e  an d  P o re  s iz e
T h e  d e n s ity , p o r o s ity , p o re  v o lu m e  an d  p o r e  s iz e  o f  th e  s c a f fo ld  w a s  

sh o w n  in  T a b le  5 .1 .

Table 5.1 D e n s ity , p o r o s ity , p o re  v o lu m e  an d  p o re  s iz e  o f  P C L  s c a f fo ld

S c a f fo ld s
D e n s ity
( g /c m 3)

P o r o s ity  (% )
P o r e  v o lu m e  

( c m 3/g )
P o re  s iz e  (p m )

P C L 0 .1 1 3 9 9 0 .0 5 7 .9 1 3 4 7 .0 7  ± 4 2 . 1 9

5 .6 .3  W a ter  A b so r p t io n  C a p a b ility  an d  In vitro D e g r a d a b ility
F ig u r e  5 .2  illu s tr a te s  th e  w a te r  a b so r p tio n  c a p a b ilit ie s  o f  th e  P C L  

s c a f fo ld s  in  0 .1  M  P B S  at ro o m  tem p era tu re  w ith in  3 d a y s  ( 7 2  h ). T h e  w a ter  
a b so rp tio n  rate w a s  ra p id ly  in cr e a se d  in  th e  ea r ly  2 4  h o u r s  an d  m a in ta in e d  sta b le .
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F ig u r e  5 .2  W a te r  a b so r p tio n  c a p a b ility  o f  th e  P C L  s c a f fo ld s  in  0 .1  M  P B S  at r o o m  
tem p era tu re  w ith in  3 d a y s.

5 .6 .4  In vitro O V A , G e la tin  ty p e  B , B S A , an d  C B P  R e le a s e
T h e  r e le a se  o f  p r o te in s  fr o m  H A p -P C L  s c a f fo ld s  w e r e  in v e s t ig a te d  b y  

im m e r s in g  H A p -P C L  s c a f fo ld s  in to  in vitro c u ltu r in g  e n v ir o n m e n t, 1 0  %  M E M  
(c o n ta in in g  M E M , 10  % F B S , 1 % L -g lu ta m in e , 1 % a n t ib io t ic ) . A l l  s a m p le s  w e r e  
in c u b a te d  in  a  sh a k in g  w a te r  b a th  (7 0  rp m ) at 3 7 ° c  fo r  21  d a y s . T h e  r e su lt  s h o w s  
g e la t in  an d  C B P  started  to  b e fo r e  d a y  7  w h e r e a s  O V A  a n d  B S A  r e le a se  a fter  d a y  7 . 
T h e  a m o u n t o f  r e le a se d  p r o te in s  g ra d u a lly  in c r e a se d  t im e  d e p e n d e n tly . T h is  resu lt  
co r r e sp o n d  to  th e  w o r k  d o n e  b y  p r o te in s  r e le a s in g  fr o m  H A p  p a r t ic le s , h o w e v e r ,  
p r o te in  r e le a s e  fr o m  s c a f fo ld  sp e n d s  a lo n g e r  t im e  d u e  to  d if fe r e n t  m e d ia . It is  
d iffe r e n t in  io n ic  s tre n g th , in  M E M  s h o w s  h ig h e r  io n ic  stre n g th . H ig h  io n ic  s tren g th  
s h o u ld  p r o m o te  a g g r e g a t io n  o f  p ro te in  an d  retard  r e le a s e  (H a r ira k sa p ita k , p . ,  2 0 0 9 )
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Figure 5.3 R e le a s e  p r o f i le  fro m  p r o te in -lo a d e d  H A p -P C L  s c a f fo ld  in  10 %  M E M .

5.7 Cell Culture

5 .7 .1  C y to to x ic ity
In d ir e c t  c y to t o x ic i t y  in  th is  s tu d ie d  c a n  b e  c la s s i f ie d  in to  3 p r o c e s s  are 

in d ir e c t  c y to t o x ic i t y  fo r  p ro te in , H A p , an d  H A p -P C L  s c a f fo ld . F ir s t ly , a n  d irect  
c y t o t o x ic i t y  te s t  o f  p r o te in s  w e r e  p er fo r m e d  in  4  ty p e s  w h ic h  a re  O v a lb u m in  (O V A ) ,  
G e la tin  ty p e  B , B o v in e  seru m  a lb u m in  ( B S A ) ,  an d  C ru d e b o n e  p ro te in . M C 3 T 3 -E 1 ,  
p r e -o s te o b la s t  c e l l  l in e s ,  in  cu ltu re  o f  4 0 ,0 0 0  c e l l /w e l l  s e e d e d  w ith  10  p g /m l  
c o n c e n tr a t io n  in  2%  M E M  for  2 4 , 4 8 ,  an d  7 2  h . T h e  r e su lts  are  s h o w n  in  F ig u re  5 .4  
w ith  % v ia b ility  o f  M C 3 T 3 -E 1  r e la tiv e  to  t is s u e  cu ltu re  p o ly s ty r e n e  (T C P S )  in  a ll 
ty p e s  o f  p r o te in s  s h o w  that in c r e a s in g  w ith  cu tu r in g  t im e . T h e  %  v ia b il ity  o f  
M C 3 T 3 -E 1  is  m o r e  th a n  8 0  % , s o  a ll ty p e s  o f  p r o te in s  w e r e  n o  t o x ic ity  to  c e lls .  
S e c o n d ly  an d  T h ir d ly  are  in d ir e c t  c y to to x ic ity  te s t  o f  p r o te in s - lo a d e d  H A p  an d  H A p -  
P C L  s c a ffo ld . M C 3 T 3 -E 1  w e r e  cu ltu red  in  2  %  M E M  e x tr a c t io n  m e d ia  from  
p r o te in s - lo a d e d  H A p  (F ig u r e  5 .5 )  an d  H A p -P C L  s c a f fo ld  (F ig u r e  5 .6 )  fo r  2 4 ,  4 8 , and
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7 2  h. T h e  %  v ia b il ity  o f  M C 3 T 3 -E 1  in  e x tr a c tio n  m e d ia  o f  e a c h  t im e  are m o r e  than  
80% , so  p r o te in s - lo a d e d  H A p  an d  H A p -P C L  s c a f fo ld  w e r e  n o  t o x ic i t y  to  c e ll .

Figure 5.4 D ir e c t  c y t o t o x ic i t y  e v a lu a t io n  o f  p r o te in s  b a se d  o n  th e  v ia b il ity  o f  
M C 3 T 3 -E 1 .

COCL
160 1 
140 -ph“๐<1) 120 ->TOTO 100 -CP

UJ 80 -COf—COo 60 -ฟ'๐ 40 -
!5TO> 20 -O'

0 -

■ i TOPSEE Pure ha*,Hi HAp+OVA m  HAp+Geiabn BM HAp+BSA

24h

I

48h 72h
Time (hours)

Figure 5.5 In d irec t c y t o t o x ic i t y  e v a lu a t io n  o f  p r o te in -lo a d e d  H A p  b a se d  o n  th e  
v ia b il ity  o f  M C 3 T 3 -E 1 .
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Figure 5 .6  In d ir e c t  c y to t o x ic i t y  e v a lu a t io n  o f  H A p -P C L  s c a f fo ld  b a se d  o n  th e  
v ia b il ity  o f  M C 3 T 3 -E 1 .

5 .7 .2  C e l l  A tta c h m e n t an d  P r o life r a tio n
A tta c h m e n t o f  m o u s e  c a lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l ls  

(M C 3 T 3 -E 1 )  o n  s c a f fo ld in g  su b stra te  c o u ld  b e  q u a n tif ie d  b y  th e  u v  a b so rb a n ce  
fro m  M T T  a ssa y . F ig u re  5 .7  s h o w s  a tta ch m en t o f  M C 3 T 3 -E 1  o n  th e  su r fa c e  o f  T C P S , 
P C L , H A p -P C L , O V A /H A p -P C L , G e la tin  ty p e  B /H A p -P C L , B S A /H A p -P C L ,  
C B P /H A p -P C L  at 2 ,  4 ,  a n d  6  h  a fter c e l l  s e e d in g . T h e  n u m b e r  o f  c e l l  a tta ch m en t o n  
a ll o f  th e  su r fa c e s  in c r e a se  w ith  cu ltu r in g  t im e . T h e  n u m b e r  o f  c e l l  a tta ch m en t o n  
T C P S  w a s  th e  g r e a te s t  th a n  a ll o f  H A p -P C L  an d  p r o te in s - lo a d e d  H A p  s c a f fo ld s  at  
a n y  g iv e n  t im e  p o in t , in  cu ltu r e  o f  4 0 ,0 0 0  c e l l /w e l l .  O n  T C P S , th e  n u m b er  o f  c e l l  
a tta ch m en t r a p id ly  in c r e a se d  fro m  100%  at 2  h  a fter  c e l l  s e e d in g  to  - 2 0 0 %  at 4  h  
after  c e l l  s e e d in g . W h e r e a s  th e  n u m b er  o f  c e l l  a tta c h m e n t o n  P C L , H A p -P C L  and  
p r o te in s - lo a d e d  H A p  w e r e  lo w e r  th an  T C P S  c o u ld  b e  b e c a u s e  M C 3 T 3 -E 1  lik e  to  
attach  th e  sm o o th e r  su r fa c e  o f  T C P S  th a n  r o u g h  su r fa c e  o f  P C L , H A p -P C L  and  
p r o te in s - lo a d e d  H A p -P C L  s c a f fo ld . H o w e v e r , T a b le  5 .2  s h o w s  th at a lm o s t  o f  th e  
fo rm a za n  c r y sta l s t i ll  a d h ere  w ith in  th e  s c a f fo ld s  a fter  u s in g  D M S O  a s e lu t in g  a g en t.



63

Time (h)

Figure 5.7 A tta c h m e n t o f  M C 3 T 3 -E 1  o n  c o n tr o l T C P S , P C L , H A p /O V A -P C L ,  
H A p /g e la t in  B -P C L , an d  H A p /B S A -P C L

Table 5.2 F o r m a z a n  cr y sta l w ith in  T C P S , P C L , H A p -P C L  s c a f fo ld  w e r e  e lu te d  w ith  
D M S O  after  c e l l  s e e d in g  6  h . (a ) E lu te d  fo r m a z a n  fr o m  T C P S . (b ) , ( c )  F o r m a z a n  s t ill  
ad h ere  in  s c a f fo ld , ( f ) ,  (g )  E lu te d  fo rm a za n  fr o m  s c a f fo ld , (d ) , ( e )  s c a f fo ld  w ith o u t  
c e l l s  in s id e , (h ) , ( i )  E lu te d  s c a f fo ld s  w ith o u t  c e l l s
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P r o life r a t io n  o f  m o u s e  c a lv a r ia -d e r iv e d , p r e -o s te o b la s t ic  c e l l s  
(M C 3 T 3 -E 1 )  o n  s c a f fo ld in g  su b strate  c o u ld  b e  q u a n tif ie d  b y  th e  U Y  a b so r b a n c e  
fro m  M T T  a ssa y . F ig u re  5 .8  s h o w s  p r o life r a tio n  o f  M C 3 T 3 -E 1  o n  th e  su r fa c e  o f  
T C P S , P C L , H A p -P C L , O V A /H A p -P C L , G e la tin  ty p e  B /H A p -P C L , B S A /H A p -P C L ,  
C B P /H A p -P C L  at 1 , 2 ,  an d  3 d  a fter  c e l l  s e e d in g  in  cu ltu re  o f  4 0 ,0 0 0  c e l l /w e l l .  T h e  
n u m b er  o f  c e l l  p r o lie r a tio n  o n  a ll o f  th e  s u r fa c e s  at a n y  g iv e n  t im e  p o in t  w e r e  
co n sta n t. T h e  n u m b er  o f  c e l l  p r o lifer a tio n  o n  T C P S  w a s  g rea ter  th a n  a ll o f  P C L , 
H A p rP C L , an d  p r o te in s - lo a d e d  H A p -P C L  s c a f fo ld s  at a n y  g iv e n  t im e  p o in t . O n  P C L , 
H A p -P C L  an d  p r o te in s - lo a d e d  H A p -P C L  s c a f fo ld , th e  n u m b er  o f  c e l l  p r o life r a tio n  
w a s  o n ly  60 % . W h e r e a s  th e  n u m b er  o f  c e l l  a tta ch m en t o n  H A p -P C L  an d  p r o te in s-  
lo a d e d  H A p  w e r e  lo w e r  th a n  T C P S  c o u ld  b e  b e c a u s e  M C 3 T 3 -E 1  l ik e  to  p r o lifer a te  
th e  sm o o th e r  su r fa c e  o f  T C P S  th an  ro u g h  su r fa c e  o f  P C L , H A p -P C L  an d  p r o te in s -  
lo a d e d  H A p -P C L  s c a f fo ld . T h e  d if fe r e n c e  b e tw e e n  th e  n u m b er  o f  c e l l  p r o life r a tio n  
to  P C L , H A p -P C L , an d  p r o te in -lo a d e d  H A p -P C L  s c a f fo ld  are  n o t  c le a r  b e c a u s e  o f  
n o  e f f e c t  o f  p r o te in s  r e le a s e  fro m  H A p . H o w e v e r , T a b le  5 .3  s h o w s  th at a lm o s t  o f  th e  
fo r m a z a n  cry sta l s t i ll  a d h ere  w ith in  th e  s c a f fo ld s  a fter  u s in g  D M S O  a s  e lu t in g  a g en t.
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Figure 5.8 Proliferation of MC3T3-E1 that had been seeded or cultured on the
surfaces o f TCPS, PCL, HAp-PCL and proteins-loaded HAp-PCL scaffolds at 2 and
3d.
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T a b le  5 .3  F o r m a z a n  c r y s ta ls  w ith in  s c a f fo ld s  a fter  u s in g  e lu t in g  d y e  (D M S O )  a fter  
c e l l  s e e d in g  1 d . (a )  E lu te d  fo rm a za n  w ith  D M S O  fro m  T O P S , (b ) , ( c )  F orm a zan  
cry sta l s t i ll  a d h ere  in  s c a f fo ld s , ( f ) ,  (g )  e lu te d  fo r m a z a n  c r y sta l w ith  D M S O  fro m  
s c a f fo ld s , (d ) , ( e )  s c a f fo ld  w ith o u t  c e l l s  in s id e , (h ) , ( i)  e lu te d  D M S O  fr o m  sc a f fo ld s  
w ith o u t  c e l ls .

5 .7 .3  C e ll  M o r p h o lo g ic a l
T a b le  5 .4  s h o w s  se le c te d  th e  a tta ch m en t S E M  im a g e s  o f  M C T 3 T -E 1  

(m a g n if ic a t io n  =  2 0 0 0 X ;  s c a le  bar =  10  urn) at 2 ,  4 ,  an d  6  h . B a se d  o n  th e  in itia l 
4 0 ,0 0 0  c e l l s /w e l l  o f  c e l l s  s e e d e d , th e  m a jo r ity  o f  th e  c e l l s  o n  th e  g la s s  su r fa c e  and  
p o r o u s  s c a f fo ld s  w e r e  s t i ll  in  th e  rou n d  sh a p e  at 2  h  an d  started  to  e x te n d  th e ir  
c y to p la s m  at 4  h . A f te r  c e l l  s e e d in g , e x p a n s io n  o f  th e  c y to p la s m  o f  th e  m a jo r ity  o f  
th e  c e l l s  w a s  e v id e n t  at 6  h . T a b le  5 .5  s h o w s  that th e  s e le c te d  p r o life r a tio n  S E M  
im a g e s  o f  M C 3 T 3 -E 1  (m a g n if ic a t io n  =  2 0 0 0 X ;  sc a le  bar = 1 0  p m )  w e r e  cu ltu red  o n  
th e  su r fa c e s  o f  g la s s ,  P C L , H A p -P C L , an d  p r o te in s - lo a d e d  H A p  s c a f fo ld s . T h e  u s e  o f  
g la s s  a s  th e  c o n tr o l in s te a d  o f  T C P S  w a s  d u e  to  th e  e a s e  o f  ta k in g  th e  sa m p le s  to  
S E M  o b se r v a tio n . T h e s e  im a g e s  p r o v id e d  sn ap  sh o ts  in  t im e  that r e v e a le d  th e  
m o r p h o lo g y  o f  th e  c e l l s  and  in tera c tio n  b e tw e e n  th e  c e l l s  an d  th e  te s te d  su r fa c e s . T h e  
e x p a n s io n  o f  th e  c e l l s  w a s  e v id e n t  w ith  d e p e n d  o n  th e  in c r e a s in g  t im e  at 1 , 2 ,  and  3 
d a y s . A l l  p r o te in s  w ith in  th e  H A p  s h o w  th e  sa m e  resu lts  d u e  to  at th a t t im e  th e  
p r o te in s  w e r e  n o  a f fe c t  to  th e  c e l l s .
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T a b le  5 .4  S e le c te d  S E M  im a g e s  o f  M C 3 T 3 -E 1  a fter  s e e d in g  o n  T C P S , P C L , 
O V A /H A p -P C L , G e la t in  ty p e  B /H A p -P C L , B S A /H A p -P C L , an d  C B P /H A p -P C L  
s c a f fo ld s  a t 2 ,  4 ,  an d  6  h  (m a g n if ic a t io n  =  2 ,0 0 0 X ;  s c a le  bar = 1 0  p m )
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T a b le  5 .5  S e le c te d  S E M  im a g e s  o f  M C 3 T 3 -E 1  a fter  s e e d in g  o n  T C P S , P C L , H A p -  
P C L , O V A /H A p -P C L , G e la t in  ty p e  B /H A p -P C L , an d  B S A /H A p -P C L  s c a f fo ld s  at 1, 
2 , an d  3 d a y s  (m a g n if ic a t io n  =  2 ,0 0 0 X ;  s c a le  bar =  10  p m )

G la s s

P C L + H A p /O V A

P C L + H A p /G e l

P C L + H A p /B S A

P C L + H A p /C B P
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5 .7 .4  A lk a lin e  p h o sp h a ta se  (A L P ) a c t iv ity
A lk a lin e  p h o sp h a ta se  is  an  in d ica to r  o f  o s te o b la s t  p h e n o ty p e  a c tiv ity . 

It w a s  d e te r m in e d  a fter  cu ltu r in g  th e  c e l l s  s e e d e d  o n to  th e  s c a f fo ld . T h e  A L P  a c t iv ity  
o f  M C 3 T 3 -E 1  o n  T C P S , P C L , H A p -P C L , O V A /H A p -P C L , G e la t in  ty p e  B /H A p -  
P C L , B S A /H A p -P C L  an d  C B P /H A p -P C L  w e r e  m o n ito r e d  at 3 an d  7  d a y s  in  cu ltu re . 
In F ig u r e  5 .9  at 3 d a y s  s h o w s  th e  m a x im u m  le v e l  o f  A L P  a c t iv ity  an d  at 7  d a y s , A L P  
a c t iv ity  w a s  d e c r e a se d . In  a c tu a lly , A L P  a c t iv ity  o f  P C L , H A p -P C L , O V A /H A p -P C L ,  
G e la tin  ty p e  B /H A p -P C L , B S A /H A p -P C L  an d  C B P /H A p -P C L  s c a f fo ld  sh o u ld  b e  
th e  sa m e  r e su lt  o f  c e l l  p r o life r a tio n  d u e  to  at th a t t im e  th e  p r o te in s  w e r e  n o  e f fe c t  to  
th e  c e l l ,  h o w e v e r , th e y  w e r e  s l ig h t ly  f lu c tu a ted  b e c a u se  P C L , H A p -P C L , O V A /H A p -  
P C L , G e la tin  ty p e  B /H A p -P C L , B S A /H A p -P C L  an d  C B P /H A p -P C L  s c a f fo ld s  w er e  
p o r o u s  m a te r ia ls , so  th e  c e l l s  c o u ld  g o  th ro u g h  th eir  s c a f fo ld s  a n d  c o u ld  n o t  ex tract 
th e  c e l l s  c o m p le te ly . In F ig u r e  5 .9 ,  T h e  A L P  a c t iv ity  o f  M C 3 T 3 -E 1  in  O V A , G e la tin  
ty p e  B , B S A , a n d  C B P  w ith  1 0 0  p g /m l c o n c e n tr a t io n s  in  2 % M E M  w a s  m o n ito r e d  at 
5 an d  7  d a y s  in  cu ltu re . A t  5 d a y s  s h o w s  th e  m a x im u m  le v e l  o f  A L P  a c t iv ity  and  at 7  
d a y s , A L P  a c t iv ity  w a s  d e c r e a se d  d u e  to  c e llu la r  p r o c e s s  s w itc h in g  to  m in e r a liz a tio n . 
T h is  re su lt  c o r r e sp o n d  to  th e  w o r k  d o n e  b y  A L P  a c t iv ity  o f  M C 3 T 3 -E 1  o n  su b stra tes .

E
* 2

"oEะ!

3d 76

Time (days)

F ig u r e  5 .9  A L P  a c t iv ity  o f  M C 3 T 3 -E 1  cu ltu red  o n  T C P , P C L , H A p -P C L ,  
O V A /H A p -P C L , G e la tin  B /H A p -P C L , B S A /H A p -P C L  an d  C B P /H A p -P C L  p o ro u s  
s c a f fo ld s  a fter  3 an d  7 d a y s  in  cu ltu re .
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3 4 5 6 7 8 9
Time (days)

F ig u r e  5 .1 0  A L P  a c t iv ity  o f  M C 3 T 3 -E 1  cu ltu red  w ith  1 0 0  p g /m l in  2 % M E M , O V A ,  
G ela tin  ty p e  B , B S A  an d  C B P  after 5 an d  7  d a y s  in  cu ltu re .

5 .7 .5  M in e r a liz a t io n
M in e r a liz a t io n  refers  to  th e  p r o c e s s  w h e r e  an  o r g a n ic  su b stra n ce  is  

c o n v e r te d  to  an  in o r g a n ic  su b stra n ce . A l iz a lin  R e d  ร  s ta in in g  w a s  u se d  to  
c h a r a c te r iz e  th e  b o n e  fo r m a tio n  o f  M C 3 T 3 -E 1 . T a b le  5 .6 , an d  F ig u r e  5 .1 1  s h o w  
p h o to g r a p h ic  im a g e s  o f  A liz a r in  R e d  ร  s ta in in g  o f  c e l l s  c u ltu red  o n  th e  d iffe r e n t  
su r fa c e s  o n  21  d a y s . In th e  p r e se n c e  o f  c a lc iu m , th e  s ta in in g  p r o d u c t su c h  as an  
A liz a r in  red  S -c a lc iu m  c h e la t in g  p ro d u ct ap p ea red  red . T h e  r e su lts  s h o w e d  th at P C L , 
H A p -P C L , an d  p r o te in s - lo a d e d -H A p  sc a f fo ld  w e r e  s ig n if ic a n t ly  h ig h e r  th a n  that o n  
T C P S . C a lc iu m  c o n te n t  fro m  M C 3 T 3 -E 1  cu ltu re  o n  C B P /H A p -P C L  s c a f fo ld  w a s  th e  
m o st  p o s it iv e  s ta in in g .
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T a b le  5 .6  A liz a r in  R e d  ร  s ta in in g  fo r  m in e r a liz a tio n  a s s e s s m e n t  o f  M C 3 T 3 -E 1  o n  
21 d a y s  a fter  b e in g  cu ltu r e d  o n  th e  su r fa c e s  o f  n e a t  P C L , H A p -P C L , H A p /O V A -P C L ,  
H A p /G e la t in -P C L , H A p /B S A -P C L , an d  H A p /C B P -P C L

HAp-PCL

Substrate
TCPS

21 d.

Neat PCL

HAp/OVA-PCL
21 d.
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F ig u r e  5 .1 1  D if fe r e n t  a b so r b a n c e  o f  a l iz a lin  red  ร  fro m  M C 3 T 3 -E 1  o n  T C P S , P C L , 
H A p -P C L , p r o te in s - lo a d e d  H A p -P C L  at 21  d a y s .

5 .7  C o n c lu s io n s
T h e  a m o u n t o f  H A p  in  th e  P C L  s c a f fo ld  w a s  4 0 %  (พ /พ , b a se d  o n  th e  

a m o u n t o f  P C L ). T h e  d irec t an d  in d irec t c y t o t o x ic i t y  e v a lu a t io n  o f  th e  p r o te in s , H A p  
and  p r o te in - lo a d e d  H A p -P C L  s c a f fo ld  w ith  M C 3 T 3 -E 1  in d ic a te d  th a t n o n - to x ic .  
P o te n tia l fo r  u s in g  o f  p r o te in s - lo a d e d  H A p -P C L  s c a f fo ld s  w a s  a s s e s s e d  in  term s o f  
c e ll  a tta ch m en t, c e l l  p r o life r a tio n , an d  A L P  a c t iv ity  w e r e  n o  e f f e c t  o f  p r o te in s  r e le a se  
fr o m  H A p . A lk a lin e  p h o sp h a ta te  (A L P )  a c t iv ity  at 7  d a y s  s h o w e d  d e c r e a s in g  o f  th e  
A L P  a c t iv ity  d u e  to  c e llu la r  p r o c e s s  s w itc h in g  to  m in e r a liz a tio n . A c c o r d in g  to  
m in e r a liz a tio n  o r  c a lc iu m  d e p o s it io n  o f  c e l l  fo r  21  d a y s , th e  C B P /H A p -P C L  s c a ffo ld  
w a s  b e tter  th a n  H A p /P C L , P C L , G e la tin /H A p -P C L , O V A /H A p -P C L , B S A /H A p -  
P C L , T C P S  r e s p e c t iv e ly .
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