
C H A P T E R  V
F A B R I C A T I O N  A N D  E V A L U A T I O N  O F  P O L Y C A P R O L A C T O N E -  

P O L Y ( H Y D R O X Y B U T Y R A T E )  O R  P O L Y ( 3 - H Y D R O X Y B U T Y R A T E - C O - 3 -  
H Y D R O X Y V A L E R A T E )  D U A L - L E A C H E D  P O R O U S  S C A F F O L D S  F O R  

B O N E  T I S S U E  E N G I N E E R I N G  A P P L I C A T I O N S

5 .1  A b s tr a c t

P o ly c a p r o la c to n e ( P C L )  b le n d  w i th  p o ly ( h y d r o x y b u ty r a te ) ( P H B )  o r  p o ly (3 -  
h y d r o x y b u ty r a te - c o - 3 - h y d r o x y v a le r a te ) ( P H B V )  d u a l le a c h e d  s c a f f o ld s  w e r e  
p r e p a r e d  b y  u s in g  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 te  le a c h in g  w i th  p o ly m e r  l e a c h in g  
te c h n iq u e . W e ll d e f in e d  a n d  in te r c o n n e c te d  p o re s  w e re  d e te c te d  b y  s c a n n in g  e le c t r o n  
m ic r o s c o p e  (S E M ) a n a ly s is .  T h e  b le n d in g  o f  th e  P H B  a n d  P H B V  in  P C L  s c a f f o ld s  
r e s u l te d  in  d e c re a s e  p o r o s i t i e s  o f  th e  s c a f f o ld s  a n d , th e  w a te r  a b s o r p t io n  c a p a c i t i e s  o f  
th e  s c a f fo ld s  a ls o  d e c r e a s e d .  T h e  c o m p r e s s iv e  m o d u lu s  o f  th e  P C L - P H B  a n d  P C L -  
P H B V  d u a l- le a c h e d  s c a f f o ld s  w a s  g r e a t ly  in c re a s e d  b y  th e  b l e n d in g  o f  P H B  o r  
P H B V  m a tr ix . A n  in d i r e c t  c y to to x ic i ty  e v a lu a t io n  o f  a ll P C L  d u a l - le a c h e d  s c a f f o ld s  
w i th  m o u s e  f ib r o b la s t ic  c e l l s  ( L 9 2 9 )  a n d  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 i c  c e l l  
( M C 3 T 3 -E 1 )  in d ic a te d  P C L - P H B  a n d  P C L -P H B V  d u a l - le a c h e d  s c a f f o ld s  w e r e  
p o s e d  a s  n o n to x ic  to  c e l l s .  T h e  a b i l i t y  to  s u p p o r t  m o u s e  c a lv a r i a - d e r iv e d  p r e -  
o s te o b la s t i c  c e ll  ( M C 3 T 3 - E 1 )  a t t a c h m e n t ,  p r o l i f e r a t io n ,  d i f f e r e n t ia t io n ,  a n d  
m in e ra l i z a t io n  w e re  a ls o  e v a lu a te d .  T h e  v ia b i l i ty  o f  c e lls  o n  P C L - P H B , a n d  P C L -  
P H B V  d u a l- le a c h e d  s c a f f o ld s  w e r e  s ig n i f ic a n t ly  h ig h e r  th a n  th a t  o n  t i s s u e - c u l tu r e  
p o ly s ty r e n e  p la te  ( T C P S )  a n d  P C L  s c a f f o ld  a t  a n y  g iv e n  t im e ,  b o th  P C L - P H B  a n d  
P C L -P H B V  d u a l - le a c h e d  s c a f fo ld s  s u p p o r te d  th e  a t t a c h m e n t  o f  M C 3 T 3 - E 1  a t  
s ig n if ic a n t ly  h ig h e r  le v e ls  to  T C P S . D u r in g  th e  p r o l i f e r a t io n  p e r io d  ( d a y  1 -3 ) , a ll  
P C L -P H B  a n d  P C L - P H B V  d u a l - le a c h e d  s c a f fo ld s  w e r e  a b le  to  s u p p o r t  th e  
p r o l i f e r a t io n  o f  M C 3 T 3 - E 1  a t  h ig h e r  le v e ls  to  th a t  c e lls  o n  T C P S  a n d  P C L  s c a f fo ld s .  
F o r  m in e ra l iz a t io n , c e l l s  c u l tu r e d  o n  s u r f a c e s  o f  P C L -P H B  a n d  P C L - P H B V  d u a l-  
le a c h e d  s c a f fo ld s  s h o w e d  h ig h e r  m in e r a l  d e p o s i t io n  th a n  o n  T C P S  a n d  P C L  s c a f f o ld .  
(K e y -w o r d s :  S c a f fo ld , P C L , S o lv e n t  C a s t in g /P a r t ic u la te  L e a c h in g  M e th o d ,  P H B , 
P H B V )
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5.2 Introduction

T issu e  en g in ee rin g  ap p lie s  m e th o d s  fro m  m a te r ia ls  en g in ee rin g  an d  life 
sc ien ce  to  c rea te  a rtific ia l co n s tru c ts  fo r re g e n e ra tio n  o f  n e w  tissue . W ith  tis su e  
en g in ee rin g , w e can  c rea te  b io lo g ica l su b s titu te s  to  re p a ir  o r  rep lace  fa ilin g  o rg a n s  o r 
tissu es. T h e  ta sk  o f  tissu e  e n g in ee rin g  d em an d s  a  c o m b in a tio n  o f  m o le c u la r  b io lo g y  
and  m a te ria ls  en g in ee rin g , since  in m a n y  a p p lic a tio n s  a  sca ffo ld  is n eed ed  to  p ro v id e  
a te m p o ra ry  a rtif ic ia l m atrix  fo r ce ll seed in g . 1

P o ly m e ric  sca ffo ld s p lay  a  p iv o ta l ro le  in  tis su e  en g in ee rin g  th ro u g h  ce ll 
seed in g , p ro life ra tio n , and  n ew  tissu e  fo rm a tio n  in  th re e  d im e n s io n s , sh o w in g  g re a t 
p ro m ise  in  th e  re se a rch  o f  e n g in ee rin g  a  v a r ie ty  o f  tis su e s . 2-5 In te rco n n ec ted  p o ro u s  
a rch ite c tu re , su ffic ie n t p o ro sity , a p p ro p ria te  m e c h a n ic a l p ro p ertie s , su ita b le  
d e g rad a tio n  ra te , b io co m p a tib ility  an d  g o o d  ce ll a t ta c h m e n t p ro p e rtie s  are th e  m a jo r  
req u irem en ts  o f  an  idea l scaffo ld  fo r b o n e  tissu e  e n g in e e r in g  a p p lic a t io n s .6-8

A s a  co n seq u en ce , th e  sca ffo ld  fa b ric a tio n  m e th o d  sh o u ld  a llo w  fo r  th e  
co n tro l o f  its  p o re  s ize  and  sh ap e  an d  sh o u ld  e n h a n c e  th e  m a in ten an ce  o f  its 
m ech an ica l p ro p e rtie s  and  b io c o m p a tib ility . 9' 10 D u rin g  th e  p ast year, m a n y  
tech n iq u es  h av e  b een  app lied  fo r m a k in g  p o ro u s  sca ffo ld s . A m o n g  th e  m o s t p o p u la r  
are  p a rtic u la te  le ach in g  , te m p e ra tu re -in d u c e d  p h a se  se p a ra tio n  , phase  in v e rs io n  in  
th e  p re se n c e  o f  a  liq u id  n o n -so lv en t , em u ls io n  fre e z e -d ry in g  , e le c tro sp in n in g , an d  
rap id  p ro to ty p in g . 11-12 S o lv en t c a s tin g  o f  b io c o m p o s ite  sca ffo ld s  in v o lv e s  th e  
d isso lu tio n  o f  th e  p o ly m e r in  an  o rg a n ic  so lv en t, m ix in g  w ith  ce ram ic  g ran u le s , and  
ca s tin g  th e  so lu tio n  in to  a  p red e fin ed  3D  m o u ld . T h e  so lv e n t is  su b seq u en tly  a llo w e d  
to  ev ap o ra te . 13-14

F o r tis su e  en g in ee rin g  a p p lic a tio n s , a lip h a tic  p o ly e s te rs , such  as  p o ly (L -  
lac tic  ac id ) , p o ly cap ro lac to n e  (P C L ), p o ly (L -la c tid e /e -c a p ro la c to n e )  co p o ly m e rs , 
p o ly ( la c tid e -c o -g ly co lid e ) , p o ly (3 -h y d ro x y b u ty ra te )  an d  p o ly (3 -h y d ro x y b u ty ra te -c o -  
3 -h y d ro x y v a le ra te ), h av e  been  w id e ly  u se d  b e c a u se  o f  th e ir  fa v o ra b le  
b io c o m p a tib ility  and  d eg rad ab ility . 15-20 P C L  is a lso  an  im p o rtan t m em b er o f  th e  
a lip h a tic  p o ly e s te r  fam ily . A m o n g  th e  b io c o m p a tib le  p o ly e ste rs , P C L  is a  
sem ic ry s ta llin e  a lip h a tic  p o ly m er lin k ed  w ith  e s te r  b o n d s , w h ic h  can  be  h y d ro ly z e d  
in m a m m a lia n  ce lls , m e tab o lized  v ia  tr ic a rb o x y lic  ac id  cy c le , and  e lim in a te d  by

๐
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k id n ey . 21'23 P C L  is f le x ib le  sem ic ry s ta llin e  p o ly m e r  w ith  lo w  m e ltin g  p o in t and  
e x c e p tio n a l b len d  c o m p a tib ility . T h ere fo re , P C L  c a n  b e  b le n d e d  w ith  o th e r  p o lym ers 
to  im p ro v e  s tre ss  c rack  re s is ta n c e , d y e-ab ility , an d  a d h es io n . 24

P H A s hav e  b een  in v es tig a ted  as a  tissu e  e n g in e e r in g  sc a ffo ld  due  to  its 
b io c o m p a tib ility , b io d e g ra d a b ility , and  ad ju stab le  m e c h a n ic a l p ro p e rtie s . 25 PH B  is a 
b io d e g ra d a b le , th e rm o p la s tic  p o ly e s te r  w ith  h ig h  c ry s ta llin ity  an d  h ig h  m elting  
te m p e ra tu re  th a t p o sse sse s  ex c e lle n t m ech an ica l s tre n g th  an d  m o d u lu s . It is a lso  the  
s im p le s t an d  m o s t c o m m o n  m em b er o f  the  P H A  fam ily . In  v itro  te s ts  h av e  show n  
th a t P H B  is b io c o m p a tib le  to  vario u s ce lls  in c lu d in g  o s te o b la s ts , f ib ro b lasts , 
ch o n d ro cy te s , e n d o th e liu m  an d  ep ith e liu m  ce lls . 26 P o ly h y d ro x y b u ty ra te  (P H B ) and 
p o ly (h y d ro x y b u ty ra te -c o h y d ro x y v a le ra te )  (P H B V ) a re  th e  m o s t w e ll-k n o w n  
p o ly m ers  o f  th e  p o ly h y d ro x y a lk a n o a te s  fam ily . 27 M a te ria l p ro p e r tie s  c a n  be  ta ilo red  
by  v a ry in g  th e  H V  co n ten t. A n  in crease  o f  th e  H V  c o n te n t in d u ces  an  in c rea se  o f  the 
im p ac t s tre n g th  and  a  d e c re a se  o f  the  m e ltin g  te m p e ra tu re  an d  g la ss  tran s itio n , the  
c ry s ta llin ity , th e  w a te r  p e rm e a b ility  and  the  ten s ile  s tren g th . 28-30

T h e  o n e  a p p ro a c h  to  m o d ify  and  ta ilo r  m a te ria l p ro p e rtie s  a re  b y  b len d in g  
tw o  p o ly m e r  c o m p o n e n ts  e ith e r  in  m o lten  o r in  d is so lv e d  s ta te , a im e d  a t su p e rio r 
th e rm a l an d  p h y s ica l p ro p e rtie s . T h e  frag ility  o f  P H B  th u s  re s tr ic te d  its  ap p lica tio n  in 
ca rtilag e  rep a ir . M a n y  re se a rc h  w o rk s  have  b een  m a d e  to  im p ro v e  th e  m ech an ica l 
p ro p e rtie s  o f  P H B  by  b le n d in g  P H B  w ith  o th e r p o ly m e r s .31 It h a s  b e e n  d em o n stra ted  
th a t P H B V  b ased  b len d s  p re se n t im p ro v ed  b io lo g ica l p e r f o r m a n c e s .32

In  o u r p re v io u s  w o rk  33'34, the  P C L  and  N a O H  tre a te d  P C L /H A  d u a l leached  
sca ffo ld s  w ith  h ig h  p o ro s ity  h av e  been  p rep a red  by  o u r c o m b in in g  m o d if ie d  so lv en t 
cas tin g , p a r tic u la te  le ach in g , an d  p o ly m er le ach in g  te c h n iq u e s  u s in g  so d iu m  ch lo ride  
and  p o ly e th y le n e  g ly co l (P E G ) as po rogens. T h e  p u rp o se  o f  th is  re se a rc h  w o rk  w as 
to  fab rica te  an d  b io lo g ic a l ev a lu a tio n s  o f  the  P C L  b le n d  w ith  P H B  (P C L -P H B ) and  
P C L  b le n d  w ith  P H B V  (P C L -P H B V ) d u a l- le a c h e d  sca ffo ld s . M o reo v e r, th e  
m o rp h o lo g y , p h y s ica l an d  m ech an ica l p ro p e rtie s , an d  w e ig h t re m a in in g  afte r 
d e g ra d a tio n  o f  th e  P C L -P H B  and  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  w ere  a lso  
in v es tig a ted . F o r b io lo g ic a l ev a lu a tio n s , th e  in d ire c t c y to to x ic ity  o f  L 929  and 
M C 3T 3-E 1  ce lls , M C 3 T 3 -E 1  ce ll a ttach m en t, p ro life ra tio n , an d  d if fe re n tia tio n  w ere
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5.3 Experimental

e v a lu a ted  the  p o ten tia l o f  sc a ffo ld s  fo r  u se d  th ese  co n s tru c t as  b o n e  sc a ffo ld in g
m ateria ls .

5.3.1 M ate ria ls

P o ly c a p ro la c to n e  (P C L ; M W  =  80 ,0 0 0  g m o E ^ ), p o ly (3 -

h y d ro x y b u ty ra te ) (P H B ; M W =  3 0 0 ,0 0 0  g m o E ^ ), and  p o ly (3 -h y d ro x y b u ty ra te -c o -3 -

h y d ro x y v a le ra te ) (P H B V ; M W  =  6 8 0 ,0 0 0  g m o E ^ ) w ere  p u rc h a se d  fro m  S ig m a- 
A ld rich , U S A . C h lo ro fo rm  w as p u rc h a se d  from  L ab scan  (A s ia ) , T h a ilan d .

P o ly e th y len e  g lyco l (P E G ; M W  =  1 ,000  gm ol"^ ; M erck , G e rm a n y ) an d  so d iu m  
ch lo rid e  (A jax  F in ech em , A u s tra lia )  w e re  u se d  as porogen . A ll o th e r  c h e m ic a ls  w e re  
o f  an a ly tica l reag en t g rad e  an d  u sed  w ith o u t fu rth e r p u rifica tio n .

5 .3 .2  P rep a ra tio n  o f  P C L -P H B  an d  P C L -P H B V  S ca ffo ld s
T h e  so lv e n t c a s tin g , p o ly m e r  leach in g , and  sa lt p a r tic u la te  leach in g  

te ch n iq u es  w ere  u sed  to  p re p a re  th e  sca ffo ld s . B riefly , a  p o ly m e r  so lu tio n  w as 
p rep a red  by  b len d in g  10% , 2 0 % , an d  3 0 %  พ /พ  P H B  o r P H B V  a n d  P C L  th e n  m ix  
w ith  P E G  (P o ly m er/P E G  =  l / l ( w /w ) )  an d  ch lo ro fo rm  at a  c o n c e n tra tio n  o f  2 8 %  
(w /v ). T he  so lu tio n  w as th e n  s tir re d  a t ro o m  tem p era tu re  fo r  2 -3  h. N e x t, N aC l 
p a rtic le s  ran g in g  in  d ia m e te r  fro m  4 0 0 -5 0 0  p m  (p o ly m er/N aC l =  1 /30 (พ /พ ))  w e re  
added . T h e  m ix tu re  w as p a c k e d  in to  P e tr i d ish e s , c rea tin g  c y lin d ric a l m o ld s  th a t w e re
1.2 m m  in  d iam e te r a n d  0 .8  m m  in th ick n ess . T h ese  m o ld s  w e re  p la c e d  in  a 
v e n tila tio n  hood  o v e rn ig h t to a llo w  so lv e n t ev ap o ra tio n . A fte r  e v a p o ra tio n , to  le ach  
o u t th e  P E G  and  sa lt p a r tic le s , th e  c o n s tru c ts  w e re  im m ersed  in  d e io n iz e d  (D I) w a te r  
fo r 48 h w ith  rep ea ted  c h a n g e s  o f  th e  D I w a te r  ev ery  8 h. T h e  sc a ffo ld s  w e re  th e n  
a ir-d ried  fo r 24 h  an d  v a c u u m -d r ie d  o v e rn ig h t. T h e  re su ltan t s a lt-P E G  leach ed  P C L  
sca ffo ld s  ex h ib ited  h ig h ly  in te rc o n n e c te d  p o ro u s  n e tw orks.

5.3.3 C h a ra c te riz a tio n
Microstructure Observation
T h e  p o re  m o rp h o lo g y , s ize , d is tr ib u tio n , an d  in te rc o n n e c tiv ity  o f  th e
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p o ro u s  sca ffo ld s  w ere  o b se rv ed  u s in g  a  JE O L  JS M -5 2 0 0  scan n in g  e le c tro n  
m ic ro sco p e . O n e  cy lin d rica l sca ffo ld  w a s  ra n d o m ly  se le c te d  fro m  each  g ro u p , cu t 
w ith  a  ra z o r  b lad e  in  the  m id d le  an d  m o u n te d  o n to  a  s tu b . T h e se  c ro ss  sec tio n s  w e re  
co a te d  w ith  a  th in  film  o f  g o ld  u s in g  a  JE O L  JF C -1 1 0 0 E  sp u tte r in g  d ev ice  fo r 5 m in  
p rio r  to  o b se rv a tio n  by  scan n in g  e le c tro n  m ic ro sc o p y  (S E M ).’

Porosity, Pore Volume, and Pore Size
T h e  p o ro sity  and  p o re  v o lu m e  o f  th e  sca ffo ld s  w ere  d e te rm in e d  

g rav im e tric a lly , acco rd in g  to  the  fo llo w in g  e q u a tio n s :

w ere  fab rica ted , an d  P s c a f fo id  is the  a p p a re n t d e n s ity  o f  th e  sca ffo ld s , d e te rm in e d  u s in g  
a  S a rto riu s  Y D K 01 d en s ity  m e a su re m e n t k it. H e re , P P C L  w as co n sid e red  to  b e  1.145 
g e m '1. T en  sp ec im en s  w ere  a s se sse d  fo r b o th  p o ro s ity  an d  p o re  v o lu m e , an d  an  
av e rag e  v a lu e  w as ca lcu la ted  fo r e a c h  p ro p e rty . In  c o n tra s t, the  po re  s ize  o f  each  
sca ffo ld  w as d ire c tly  m easu red  fro m  th e  S E M  im a g e s  u s in g  a  S em A fo re  D ig ita l 
s lo w -sc a n  im a g e -re co rd in g  sy stem  (v e rs io n  5 .0  so f tw a re ) . A t least 30 p o res  fo r e a c h  
o f  th e  c ro ss  an d  lo n g itu d in a l sec tio n s  (i.e ., a t le a s t 60  p o re s  in  to ta l)  w ere  a n a ly z e d , 
an d  av e ra g e  v a lu e s  w ere  ca lcu la ted  fo r all o f  th e  sc a ffo ld s  in v estig a ted .

by  ca s tin g  in  P e tri d ish es w ith  a  c irc u la r  sh ap e  m e a su r in g  15 m m  in  d ia m e te r  an d  3 
m m  in h e ig h t. T h e  co n stru c ts  w ere  firs t d ried , w e ig h e d , a n d  in d iv id u a lly  im m e rse d  in  
10 m L  o f  10 m M  p h o sp h a te -b u ffe red  sa lin e  (P B S ; p H  7 .4 ) a t ro o m  tem p e ra tu re . A t a  
sp ec ified  p o in t in  tim e , the  sp e c im e n s  w e re  re m o v e d  fro m  th e  so lu tio n , c a re fu lly  
p laced  o n  g la ss  fo r 5 sec to  rem o v e  a n y  e x c e ss  w a te r , a n d  w e ig h e d  im m ed ia te ly . T h e  
am o u n t o f  w a te r  re ta in ed  in  each  s c a ffo ld  w as d e te rm in e d  a c c o rd in g  to  th e  fo llo w in g  
eq u a tio n :

Water Absorption Capacity
T h e  sca ffo ld  sp e c im e n s  w e re  c u t f ro m  th e  m o ld s , w h ich  w ere  c re a ted

W a te r  a b s o r p t io n ( % )  =

o
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w h ere  Wd an d  พw a re  th e  w e ig h ts  o f  th e  sp e c im e n  b e fo re  an d  afte r 
su b m ers io n  in  th e  m ed iu m , resp ec tiv e ly . T h is  e x p e r im e n t w a s  c o n d u c te d  in 
p en tu p lica te , an d  m e a su re m e n ts  w ere  p e rfo rm ed  a t d iffe re n t tim e  p o in ts  w ith in  a 
p e rio d  o f  7 d.

Compressive Modulus
T h e  c o m p re ss iv e  m o d u lu s  o f  each  sc a ffo ld  w as d e te rm in e d  u sin g  a 

u n iv e rsa l te s t in g  m ach in e  (L lo y d  L R X , U K ) and  a  lo ad  cell o f  500  N  in  a  d ry  sta te  at 
ro o m  te m p e ra tu re . T h e  lo ad  w as v ertica lly  c o m p re sse d  a t a  c ro s sh e a d  sp eed  o f  3 
m m /m in  u n til th e  sc a ffo ld s  w ere  reduced  to  a p p ro x im a te ly  7 0 %  o f  th e  o rig ina l 
th ick n ess . T h e  in itia l co m p re ss iv e  m o d u lu s w as th e n  d e te rm in e d  fro m  th e  slope  o f  
the  lin ea r p o rtio n  o f  th e  s tre ss -s tra in  cu rve  at a  c o m p re ss iv e  s tra in  o f  2 0 % .

Degradation
T h e  d e g ra d a tio n  o f  all scaffo ld s h ad  b e e n  e x a m in e d  u p  to  13 w eeks. 

B rie fly , 5 sc a ffo ld s  fro m  each  ty p e  o f  m ateria l h ad  b e e n  se p a ra te ly  im m e rse d  in  5 m l 
o f  0 .1 M  P B S , p H  7 .4 w ith  o r w ith o u t lipase  (Pseudomonas sp., 45  units/1). T he 
sam p le s  w e re  k ep t a t 37°c up to  13 w eeks w ith  th e  re p la c in g  o f  n e w  m ed iu m  at 
ev e ry  84 h r th ro u g h o u t th e  ex p e rim e n t in o rd e r to  k eep  e n z y m a tic  a c tiv ity  a t the  
co n s ta n t leve l. T h e  sa m p le s  w e re  tak en  ou t at e v e ry  2 w eek s , w a sh e d  th o ro u g h ly  
w ith  d is tille d  w a te r  an d  d ried  a t ro o m  tem p e ra tu re  fo r  24  h r an d  in  a  v a c u u m  for 
a n o th e r 48  hr. T h e  re m a in in g  w e ig h t o f  the  sc a ffo ld s  w as  in v e s tig a te d . T h e  scaffo ld  
rem a in in g  w e ig h t w as  m e a su re d  an d  ca lcu la ted  by  th e  fo llo w in g  e q u a tio n .

w tR e m a in in g  w e ig h t(% )  =  —— X 1 0 0Wo
w h ere  Wo is  th e  in itia l w e igh t an d  Wt is th e  w e ig h t o f  th e  sca ffo ld  at 

a  s in g le  d e g ra d a tio n  tim e  p o in t. A n  average  re m a in in g  w e ig h t w as  c a lc u la te d  from  
th o se  o f  f iv e  sa m p le s  in  e a c h  g roup .

5 .3 .4  B io lo g ica l E v a lu a tio n  o f  P C L -P H B  an d  P C L -P H B V  S c a ffo ld s
Cell Culturing
M o u se  f ib ro b la s ts  (L 9 2 9 ) and  m o u se  c a lv a r ia -d e r iv e d  p re -o s te o b la s tic  

ce lls  (M C 3 T 3 -E 1 ) w ere  u se d  as re fe ren ce  cell lin es. T h e  L 9 2 9  c e lls  w e re  cu ltu red  as 
a  m o n o la y e r in  D u lb e c c o ’s m o d ifie d  E a g le ’s m e d iu m  (D M E M ; S ig m a-A ld rich , 
U S A ) su p p le m e n te d  w ith  10%  fe ta l b o v in e  se ru m  (F B S ; B IO C H R O M  A G ); 1% L-

o
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g lu tam in e  (In v itro g en ); an d  1%  a n tib io tic  an d  an tim y co tic  fo rm u la tio n , c o n ta in in g  
p e n ic illin  G  sod ium , s tre p to m y c in  su lfa te , an d  am p h o te ric in  B (In v itro g e n , U S A ). 
T h e  M C 3T 3-E 1 ce lls  w ere  cu ltu red  in  M in im u m  E ssen tia l M e d iu m  (M E M ; H y c lo n e , 
U S A ) w ith  E a rle ’s B a la n c e d  S a lts  an d  su p p le m e n te d  w ith  10%  F B S  (B IO C H R O M  
A G , G erm any), 1% L -g lu ta m in e  ( In v itro g e n , U S A ), an d  1%  a n tib io tic  an d  
an tim y co tic  fo rm u la tio n , a s  d e sc r ib e d  ab o v e . T h e  m ed ia  w ere  re p la c e d  ev e ry  2 d ay s , 
and  th e  cu ltu res w ere  m a in ta in e d  at 37°c in  a  h u m id ified  a tm o sp h e re  c o n ta in in g  5%  
C 0 2.

E ach  sc a ffo ld  w as cu t in to  c irc u la r  d iscs o f  a p p ro x im a te ly  15 m m  in 
d iam ete r, w hich  w ere  p la c e d  in to  th e  w e lls  o f  a  24-w ell t is su e -c u ltu re  p o ly s ty re n e  
(T C P S ) p la te . T he d isc s  w ere  th en  s te r iliz e d  in  7 0%  ethano l fo r  30  m in , w a sh e d  w ith  
au to c lav ed  D I w ate r an d  P B S , an d  im m e rse d  in  M E M  o v ern ig h t. T o  e n su re  c o m p le te  
c o n ta c t b e tw een  the  sc a ffo ld s  an d  th e  w e lls , e a c h  co n stru c t w as  p re s se d  w ith  a  m e ta l 
r in g  o f  ap p ro x im a te ly  12 m m  in d iam e te r.

T he c u ltu re d  M C 3 T 3 -E 1  c e lls  w ere  d e tach ed  u s in g  0 .2 5 %  try p s in  
co n ta in in g  1 m M  E D T A  (In v itro g en , U S A ) an d  coun ted  w ith  a  h e m a c y to m e te r  
(H au sse r S cien tific , U S A ). T h e  ce lls  w e re  th e n  seed ed  on  the  sc a ffo ld s  a t a d e n s ity  o f  
ap p ro x im a te ly  4 0 ,0 0 0  c e lls /w e ll fo r th e  a tta c h m e n t and  p ro life ra tio n  s tu d ie s . S eed ed , 
em p ty  w ells  o f  a  T C P S  p la te  w e re  u se d  as  a  co n tro l. F o r th e  in d ire c t  c y to to x ic ity , 
a lk a lin e  p h o sp h a tase  ac tiv ity , and  m in e ra liz a tio n  ev a lu a tio n s , th e  M C 3 T 3 -E 1  ce lls  
w ere  seed ed  at a  d e n s ity  o f  a p p ro x im a te ly  4 0 ,0 0 0  ce lls /w e ll o n  th e  sc a ffo ld s  an d  
em p ty  w ells o f  a  T C P S  p la te . T h e  c u ltu re  w as m ain ta in ed  in  a n  in c u b a to r  a t 37°c 
w ith  a  h um id ified  a tm o sp h e re  c o n ta in in g  5 %  C 0 2-

Indirect Cytotoxicity Evaluation
T w o ce ll ty p e s  w ere  u se d  fo r th e  cy to to x ic ity  e v a lu a tio n : 1) m o u se  

ca lv a ria -d e riv ed  p re -o s te o b la s tic  c e lls  (M C 3 T 3 -E 1 ) and  2) m o u se  f ib ro b la s ts  (L 9 2 9 ). 
In  p a rticu la r, an  in d ire c t c y to to x ic ity  te s t  w as  co n d u c ted  on  T C P S  w e lls  an d  o n  P C L , 
P C L -1 0 % P H B , P C L -2 0 % P H B , P C L -3 0 % P H B , P C L -1 0 % P H B V , P C L -2 0 % P H B V , 
an d  P C L -3 0 % P H B V  sca ffo ld s . F irs t, th e  ex trac tio n  m e d ia  w e re  p re p a re d  by  
im m ers in g  the  sam p les , w h ic h  w ere  a p p ro x im a te ly  15 m m  in d ia m e te r , in  se ru m -fre e  
m ed iu m  (S F M ) c o n ta in in g  D M E M  (fo r  th e  L 9 2 9  ce lls) o r M E M  (fo r  th e  M C 3 T 3 -E 1

©
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ce lls) , su p p le m e n te d  w ith  1% L -g lu ta m in e , 1%  la c ta lb u m in , an d  1%  an tib io tic  and  
a n tim y co tic  fo rm u la tio n , fo r 1, 3, o r  7 d ay s. E a c h  o f  th e se  ex tra c tio n  m ed ia  w as th en  
u sed  to  ev a lu a te  th e  cy to to x ic ity  o f  th e  sca ffo ld s . E ith e r  th e  L 9 2 9  ce lls  o r  th e  
M C 3T 3-E 1  ce lls  w ere  cu ltu red  in  th e  w e lls  o f  a  2 4 -w e ll c u ltu re  p la te  c o n ta in in g  10%  
F B S -su p p le m e n te d  D M E M  or M E M , re sp e c tiv e ly , fo r 16 h  to  a llo w  ce ll a tta c h m e n t 
to  th e  p la te . N ex t, the  ce lls  w ere  s ta rv e d  in  S F M  fo r 24  h, a fte r  w h ich  th e  m e d iu m  
w as rep laced  w ith  ex trac tio n  m ed iu m . A fte r  an  a d d itio n a l 24  h o f  ce ll cu ltu re , a  3- 
(4 ,5 -d im e th y lth ia z o l-2 -y l)-2 ,5 -d ip h en y l- te tra z o liu m  b ro m id e  (M T T ) a ssay  w as 
p e rfo rm ed  to  q u an tify  the n u m b er o f  v ia b le  ce lls . T h e se  e x p e rim e n ts  w ere  c o n d u c te d  
in  tr ip lica te .

MTT Assay
T h e  M T T  assay  is b a se d  on  th e  re d u c tio n  o f  y e llo w  té tra z o liu m  sa lt to  

p u rp le  fo rm a z a n  crysta ls  by  d e h y d ro g e n a se s  se c re te d  by  the  m ito c h o n d ria  o f  
m e ta b o lic a lly  ac tiv e  cells. T h e  a m o u n t o f  p a rp le  fo rm a z a n  c ry sta ls  fo rm e d  is 
p ro p o rtio n a l to  the  n u m b er o f  v ia b le  ce lls . In th e  c u rre n t s tu d y , th e  cu ltu re  m e d iu m  
w as f irs t a sp ira te d  an d  rep laced  w ith  4 0 0  p L /w e ll o f  M T T  so lu tio n  at 0 .5  m g /m L  in  a  
2 4 -w e ll c u ltu re  p la te . S econd , each  p la te  w as  in c u b a te d  fo r 30 m in  at 37°c. T h e  
M T T  so lu tio n  w as th en  asp ira ted , a n d  1 m L /w e ll o f  d im e th y l su lfo x id e  (D M S O ) 
co n ta in in g  125 p L /w ell o f  g ly c in e  b u ffe r  (p H  10) w as  add ed  to d isso lv e  th e  
fo rm azan  c ry sta ls . F inally , a fte r 5 m in  o f  ro ta ry  a g ita tio n , th e  ab so rb an ce  o f  th e  
D M S O  so lu tio n  a t 540 nm  w as m e a su re d  u s in g  a  T h e rm o  S p ec tro n ic  G e n e s is  10 
U V /V is ib le  sp ec tro p h o to m ete r.

Cell Attachment and Proliferation
C ell b ehav io rs , su ch  as ad h e s io n  an d  p ro life ra tio n , rep resen t th e  in itia l 

p h ase  o f  c e ll-sc a ffo ld  co m m u n ica tio n , w h ic h  su b se q u e n tly  a ffe c ts  cell d iffe re n tia tio n  
an d  m in e ra liz a tio n . In the a tta c h m e n t s tu d y , th e  M C 3 T 3 -E 1  ce lls  w ere  a llo w e d  to  
ad h ere  to  th e  T C P S , PC L , P C L -1 0 % P H B , P C L -2 0 % P H B , P C L -3 0 % P H B , P C L - 
1 0 % P H B V , P C L -2 0 % P H B V , an d  P C L -3 0 % P H B V  sc a ffo ld s  fo r 4, 8 o r  16 h. E a c h  
sam p le  w as th e n  rin sed  w ith  PB S to  re m o v e  u n a tta c h e d  c e lls  p rio r to  m o rp h o lo g ic a l 
a sse ssm e n t o f  th e  ad h eren t ce lls  b y  S E M . In  the  p ro life ra tio n  stu d y , th e  v ia b il i ty  o f  
th e  ce lls  o n  th e  sca ffo ld s  w as d e te rm in e d  a fte r  1, 2 , o r 3 d ay s  o f  cell c u ltu re  by  
A la m a r B lue  A ssay . T h ese  ex p e rim e n ts  w ere  p e rfo rm e d  in  tr ip lica te .
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Alamar Blue Assay
R e sa z u rin , th e  ac tiv e  in g red ien t o f  a la m a rB lu e  re a g e n t, is a  n o n -to x ic , 

cell p e rm e a b le  c o m p o u n d  th a t is b lu e  in co lo r an d  v ir tu a lly  n o n -f lu o re sc e n t. U p o n  
e n te r in g  ce lls , re sa z u rin  is red u ced  to  reso ru fin , a  c o m p o u n d  th a t is red  in  c o lo r and  
h ig h ly  f lu o re scen t. V ia b le  ce lls  co n tin u o u sly  c o n v e rt re sa z u r in  to  reso ru fin , 
in c rea s in g  th e  o v e ra ll f lu o re sc e n c e  and co lo r o f  th e  m e d ia  su rro u n d in g  cells . F irst, 
each  c u ltu re  m e d iu m  w as rem o v ed  and  rep laced  w ith  500  p L /w e ll o f  10%  alam ar 
b lu e  so lu tio n  fo r a  2 4 -w e ll cu ltu re  plate. S eco n d ly , th e  p la te  w as  in cu b a ted  for 3 
h o u rs  a t 37 ๐บ. F in a lly , th e  flu o rescen t e m iss io n  in ten s ity  o f  th e  o b ta in e d  so lu tion  
w as th en  m e a su re d  a t 585  n m , a fte r it had  b e e n  ex c ite d  a t 5 70  n m , u sin g  the  
m ic ro p la te  read er.

Morphological Observation o f Cultured Cells
A fte r  re m o v a l o f  the  cu ltu re  m e d iu m , th e  c e ll-se e d e d  sca ffo ld s  w ere  

r in se d  tw ic e  w ith  P B S  an d  fix ed  in  3%  g lu ta ra ld e h y d e  so lu tio n , w h ic h  w as d ilu ted  
fro m  5 0%  g lu ta ra ld e h y d e  so lu tio n  (S igm a, U S A ) w ith  P B S , a t 5 0 0  p L /w e ll. A fte r 30 
m in , th e  w e lls  w ere  a g a in  rin sed  w ith  PB S. F o llo w in g  ce ll f ix a tio n , th e  sp ec im en s 
w ere  d e h y d ra te d  in  e th a n o l so lu tio n s  o f  v a ry in g  c o n c e n tra tio n s  (i.e ., 30 , 50 , 70, 90, 
and  100% ) fo r a p p ro x im a te ly  2 m in  a t each  c o n c e n tra tio n  an d  d rie d  in  100%  
h e x a m e th y ld is ila z a n e  (H M D S ; S igm a, U S A ) fo r 5 m in . T h e  sc a ffo ld s  w ere  a llo w ed  
to  a ir-d ry  a fte r  th e  re m o v a l o f  th e  H M D S . T h e  c o m p le te ly  d ry  sp ec im en s  w ere  
m o u n te d  o n  S E M  s tu b s , co a ted  w ith  gold , and  o b se rv e d  u s in g  a  JE O L  JS M -5 2 0 0  
scan n in g  e le c tro n  m ic ro sc o p e .

Production o f Alkaline Phosphatase (ALP) by Cultured Cells
T h e  A L P  a c tiv ity  o f  the M C 3 T 3 -E 1  ce lls  w as  m e a su re d  u s in g  

A lk a lin e  P h o sp h a te  Y e llo w  L iqu id . In th is  re a c tio n , A L P  c a ta ly z e s  th e  h y d ro ly s is  o f  
th e  c o lo r le ss  o rg an ic  p h o sp h a te -e s te r  substra te  /7 -n itro p h en y l p h o sp h a te  (p N P P ) to  a 
y e llo w  p ro d u c t, p -n itro p h e n o l, and  a  p hospha te . In  th e  p re se n t s tu d y , th e  M C 3T 3-E 1  
ce lls  w ere  c u ltu re d  o n  sc a ffo ld  specim ens fo r 3, 5, o r  7 d a y s  to  o b se rv e  th e  
p ro d u c tio n  o f  A L P . T h e  sp ec im en s  w ere  th e n  r in se d  tw ice  w ith  P B S  a fte r th e  
rem o v a l o f  th e  c u ltu re  m e d iu m . A lkaline  ly s is  b u ffe r  (10  m M  T ris -H C l, 2 m M  
M g C l2, a n d  0 .1 %  T rito n  X -1 0 0 , pH  10 w as a d d e d  a t 2 0 0  p L /w e ll, an d  th e  sam ples
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w ere  scraped  and  fro z e n  a t -20°c fo r  a t le a s t 30 m in  p r io r  to  th e  n e x t s tep . A n  
aq u eo u s  so lu tio n  o f  2 m g /m L  p N P P  (Z y m e d  L ab o ra to rie s , U S A ) m ix e d  w ith  0.1 M  
am in o  p ropano l (10  p L /w e ll)  in  2 m M  M g C l2 (100  p L /w e ll)  at a p H  10.5 w as

p rep a red  and add ed  to  th e  sp ec im en s  (110 p L /w e ll) , fo llo w ed  by  in c u b a tio n  a t 37°c 
fo r 15 m in. T he reac tio n  w a s  s to p p e d  by  ad d in g  900  p L /w e ll o f  50 m M  N a O H , an d  
th e  ex trac ted  so lu tio n  w as tra n s fe rre d  to  a  cu v e tte  and  p laced  in  th e  U V -v is ib le  
sp ec tro p h o to m ete r, fro m  w h ic h  th e  a b so rb a n c e  a t 410  nm  w as m ea su re d . T h e  a m o u n t 
o f  A L P  w as then  c a lc u la ted  u s in g  a  s ta n d a rd  cu rv e . T o d e te rm in e  th e  A L P  ac tiv ity , 
th e  am o u n t o f  A L P  w as n o rm a liz e d  to  th e  to ta l am o u n t o f  p ro te in  sy n th es ized .

In th e  p ro te in  a ssay , th e  sa m p le s  w ere  trea ted  in  th e  sam e  m a n n e r  a s  in  
th e  A L P  assay  up  to  th e  p o in t at w h ic h  th e  sp ec im en s w ere  fro zen . A fte r  f reez in g , 
b ic in ch o n in ic  ac id  (B C A ; P ie rce  B io te c h n o lo g y , U S A ) so lu tio n  w as  ad d ed  to  the  
sca ffo ld s , w h ich  w ere  th e n  in c u b a te d  a t 37°c for 15 m in . T h e  a b so rb a n c e  o f  th e  
m e d iu m  w as m easu red  a t 562  n m  u s in g  th e  U V -v is ib le  sp e c tro p h o to m e te r , an d  th e  
to ta l am oun t o f  p ro te in  w a s  c a lc u la ted  u s in g  a  s tan d a rd  cu rve .

Mineralization Analysis
A liza rin  R ed  ร dye  b in d s  se le c tiv e ly  to  ca lc iu m  sa lts  an d  is w id e ly  

u sed  for m inera l s ta in in g  (i.e ., th e  s ta in in g  p ro d u c t is an  A liz a r in  R ed  ร  c a lc iu m  
ch e la tin g  p roduc t). T h e  iso la te d  M C 3 T 3 -E 1  ce lls  w ere  p la te d  o n  2 4 -w e ll p la te s  at
4 0 ,0 0 6  ce lls /w ell an d  m a in ta in e d  in  c u ltu re  m ed iu m . A fte r 24 h , th e  c u ltu re s  w e re  
tre a ted  w ith  m ed iu m  su p p le m e n te d  w ith  50 p g /m l asco rb ic  ac id  (S ig m a , U S A ), 5 
m M  [3-g lycerophosphate (S ig m a , U S A ), and  0 .2  p g /m L  d e x a m e th a so n e  (S ig m a , 
U S A ), w h ich  w as re p la c e d  ev e ry  2 d ay s. A fte r  14 and  21 d ay s  o f  tre a tm e n t, th e  c e lls  
w ere  w ash ed  w ith  P B S , fix ed  in  ic e -c o ld  ab so lu te  m eth an o l fo r 10 m in , a n d  s ta in e d  
w ith  1% A liza rin  R ed  ร in  D I w a te r  (S ig m a , U S A ) at p H  4 .2  fo r  2 -3  m in . A fte r  
re m o v in g  the  a liza rin  red  ร  so lu tio n , th e  c e lls  w ere  rin sed  w ith  D I w a te r  a n d  d r ie d  a t 
ro o m  tem p era tu re . T h e  im ag es  o f  e a c h  c u ltu re  w ere  cap tu re d , an d  th e  s ta in  w as 
ex trac ted  u sing  10%  c e ty lp y rid in iu m  c h lo r id e  (S igm a, U S A ) in  10 m M  so d iu m  
p h o sp h a te  fo r 1 h. T h e  a b so rb a n c e  o f  th e  c o lle c te d  dye w as read  a t 5 70  n m  u s in g  a 
U V -v is ib le  sp e c tro p h o to m e te r  (T h e rm o  S p e c tro n ic s  G en esis  10).
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5 .3 .5  S ta tis tica l A n a ly sis
A ll o f  the  v a lu e s  w e re  e x p re s se d  a s  th e  m e a n  dt s tan d ard  d e v ia tio n . 

S ta tis tica l an a ly se s  o f  the  d iffe ren t d a ta  g ro u p s  w e re  p e rfo rm e d  by  o n e -w ay  a n a ly s is  
o f  v a rian ce  (A N O V A ), a long  w ith  th e  le a s t-s ig n if ic a n t d iffe re n ce  (L S D ) te s t, u s in g  
S P S S  so ftw a re  v ersio n  11.5. V a lu es  w ith  p < 0 .0 5  w e re  co n s id e red  s ta tis tic a lly  
s ig n ifican t.

5.4 Results and Discussion

5.4.1 C h a rac te riza tio n  o f  P C L . P C L -P H B  an d  P C L -P H B V  S caffo ld s  
Microstructure Observation
T ab le  5.1 sh o w  th e  S E M  m ic ro g ra p h s  o f  m ic ro p o ro u s  sc a ffo ld s  

fo rm ed  b y  P E G  and  N aC l sa lt b le n d  in  P C L , P C L -P H B , an d  P C L -P H B V  m a trix  
fo llo w in g  b y  leach in g  in  aq u eo u s m ed iu m . W ell d e f in e d  an d  in te rc o n n e c ted  p o re s , 
d e tec ted  b y  S E M  an a ly sis  o f  P C L , P C L -P H B , an d  P C L -P H B V  d u a l- le a c h e d  
sca ffo ld s , re su lte d  from  the  u se  o f  b o th  sa lt an d  P E G . T h e  in te rco n n ec ted  p o re s  w e re  
fo rm ed  in  sca ffo ld s  a fte r P E G  w as le ach ed  ou t. S E M  im a g e s  o f  P C L -P H B  a n d  P C L - 
P H B V  d u a l- le a c h ed  scaffo ld s sh o w e d  th a t b o th  sc a ffo ld  ty p es  ex h ib ited  a  s im ila r  
p o ro u s  s tru c tu re  w h ile  P C L  d u a l- le a c h e d  sc a ffo ld  e x h ib ite d  a  d iffe ren ce  p o ro u s  
s tru c tu re . &

T ab le  5 .2 sh o w  th e  p o re  s ize  o f  P C L , P C L -P H B  an d  P C L -P H B V  d u a l-  
leach ed  sca ffo ld s . T h e  po re  d im e n s io n s  o f  th e  P C L , P C L -1 0 % P H B , P C L -2 0 % P H B , 
P C L -3 0 % P H B , P C L -1 0 % P H B V , P C L -2 0 % P H B V , an d  P C L -3 0 % P H B V  d u a l-  
leach ed  sc a ffo ld s  are  in  the  ra n g e  o f  4 5 2 ± 3 1 , 3 8 2 ± 2 0 , 3 5 0 ± 2 1 , 3 7 6 ± 3 6 , 3 6 7 ± 2 9 , 
3 8 5 ± 2 6 , an d  3 7 3 ± 3 2  resp ec tiv e ly . T h e  s ize  o f  p o re s  in  P C L  d u a l-le a c h ed  sc a ffo ld  
w as la rg e r th a n  P C L -P H B  an d  P C L -P H B V  d u a l- le a c h e d  sca ffo ld s  an d  m o re  
in te rco n n ec ted  ch an n e ls  w ere  d is tr ib u te d  th ro u g h o u t th e  P C L  d u a l-le a c h ed  sca ffo ld . 
S E M  im ag es  re v e a le d  th a t th e  P C L -P H B  an d  P C L -P H B V  d u a l-le ach ed  sc a ffo ld s  
p re sen ted  w ith  d ecreased  m ic ro p o ro s itv  w h e n  c o m p a re d  to  P C L  d u a l- le a c h ed  
scaffo ld , in d ic a tin g  tha t b len d in g  o f  P H B  an d  P H B V  a ffe c te d  th e  p ro c e ss in g  o f  th e  
scaffo ld . M o re o v e r  th ey  also  sh o w ed  th e  p re se rv a tio n  o f  m a c ro p o re  in te rc o n n e c tiv ity  
and  th e  p re se n c e  o f  P H B  and  P H B V  m a tr ix  d is tr ib u te d  w ith in  th e  P C L  m atrix .

๐
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Table 5.1 S E M  im ag es  a t 50x , and  2 0 0 x  m ag n if ic a tio n  illu s tra tin g  the 
m ic ro s tru c tu re s  o f  th e  P C L , th e  P C L -P H B , an d  P C L -P H B V  d u a l- le a c h e d  scaffo ld s

S c a ffo ld s M a g n if ic a t io n
50x 2 0 0 x

P C L

J■ไi

P C L -10%  P H B

S & I S S v  v g ;

•• jfj?  ร * .ÿf idjÉ
j u p

. • '.''ไ?? ̂ '- JrKr

P C L -2 0 %  P H B

m ^''  4*■- ' jk

P C L -3 0 %  P H B
‘/ร่ํ>ï ' Æ

v~r

<3-

P C L -10%  P H B V

M ̂ ใ ) ^ f  ■ :
'  c$:<'■  vÿ

P C L -2 0 %  P H B V

i * . ,

P C L -3 0 %  P H B V
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Table 5.2 D en sity , p e rc e n ta g e  o f  p o ro s ity , p o re  vo lum e, a n d  c o m p re ss iv e  m o d u lu s  
o f  the  PC L , P C L -P H B  and  P C L -P H B V  d u a l-leach ed  sca ffo ld s : a ,b ,c ,d , e , f , g  a re  
s ig n ifican tly  d iffe ren t a t p  <  0 .05  fo r  an  in d iv id u a l fea tu re ; * o n e  w a y  A N O V A  w ith  
T u k ey  H SD , and  ท =  10 fo r p o ro s ity  p o re  v o lu m e . ท =  30  fo r  p o re  s ize

Scaffolds Density*
(g/cm5)

Porosity*
(%)

Pore volume* 
(cm3/g)

Pore size 
(pm)

Compressive
modulus

(kPa)
PCL 0.0853±0.0063 92.55±0.55a’c,<1'e'1 10.9104±0.8774 4 5 2 ± 3 1 57.7±8.2

PCL-10% 
PHB

0.1876±0.0464 83.61±4.05a,d 4.7761±1.5218a- 382±20 287±6.9
PCL-20%

PHB
0.1540±0.0433 86.55±3.78a'c 6 .1 134±2.0485a 350±21 735±4.5

PCL-30%
PHB

0.1347±0.0307 88.24±2.68a,b,c 6.9269±1.8898a- 376±36 1,223±1.4
PCL-10% 

PHBV
0 .2 129±0.0605 81.4 l±5 .29a,c,e'f'8 4.1519± 1.3218a' 367±29 951±1.3

PCL-20%
PHBV

0.1512±0.0238 86.80±2.08a,e 5.8870±1.0363a 385±26 1,708±8.0
PCL-30%

PHBV
0.1375±0.0148 87.99±1.29a’e 6.4688±0.7454a' 373±32 1,861±1.0

Density, Porosity, and Pore Volume
T h e  d en sity , th e  p o ro s ity , an d  the  po re  v o lu m e  o f  th e  P C L , P C L -P H B , 

an d  P C L -P H B V  sc a ffo ld s  th a t h ad  b een  p re p a re d  as a  fu n c tio n  o f  th e  P H B  o r P H B V  
co n ten t (i.e ., 10 -30%  พ /พ ) a re  sh o w n  in  tab le  5.2.

T h e  p o ro s ity  o f  th e  P C L  sc a ffo ld s  w as 9 2 .5 5 %  o n  a v e rag e , w h e rea s  
th e  po ro sity  o f  th e  P C L -P H B  an d  P C L -P H B V  scaffo ld s ra n g e d  fro m  8 3 .6 1 -8 8 .2 4 %  
and  8 1 .4 1 -8 7 .9 9 %  o n  av e rag e  (ท =  10). In  particu la r, th e  p o ro s ity  d e c re a se d  fro m  
ap p ro x im a te ly  9 2 .5 5 %  fo r th e  P C L  sc a ffo ld s  to  a p p ro x im a te ly  8 3 .6 1 %  fo r th e  P C L - 
10% P H B  sca ffo ld s , 8 6 .5 5 %  fo r th e  P C L -2 0 % P H B  sca ffo ld s , 8 8 .2 4 %  fo r th e  P C L - 
3 0 % P H B  scaffo ld s, 8 1 .4 1 %  fo r th e  P C L -1 0 % P H B V  sca ffo ld s , 8 6 .8 0 %  fo r th e  P C L - 
2 0 % P H B V  sca ffo ld s , an d  8 7 .9 9 %  fo r th e  P C L -3 0 % P H B V  sca ffo ld s .

T h e  d e n s ity  o f  P C L  sc a ffo ld  w as 0 .0853  g /c m 3 an d  th e  d e n s ity  o f  
P C L -P H B  and  P C L -P H B V  sc a ffo ld s  w e re  0 .1 3 4 7 -0 .1 8 7 6  g /c m 3 an d  0 .1 3 7 5 -0 .2 1 2 9  
g /cm 3. W hereas th e  d e n s ity  v a lu e  in c re a se d  w ith  the  b le n d in g  o f  P H B  o r P H B V , th a t 
is, from  abou t 0 .0 8 5 3  g /c m 3 o n  av e ra g e  fo r the  P C L  d u a l- le a c h e d  sc a ffo ld  to  ab o u t

o
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0 .1 8 7 6  g /c m 3 on  av erag e  fo r th e  P C L -1 0 % P H B  sc a ffo ld , 0 .1 5 4 0  g /cm 3 o n  av e rag e  
fo r th e  P C L -2 0 % P H B  scaffo ld , 0 .1 3 4 7  g /c m 3 o n  a v e ra g e  fo r th e  P C L -3 0 % P H B  
sca ffo ld , 0 .2 1 2 9  g /cm 3 on av e rag e  fo r th e  P C L -1 0 % P H B V  scaffo ld , 0 .1 5 1 2 g /c m 3 on 
av e ra g e  fo r th e  P C L -2 0 % P H B V  sc a ffo ld , an d  0 .1 3 7 5  g /c m 3 on  av erag e  fo r th e  P C L - 
3 0 % P H B V  sca ffo ld  (ท = 10  ). S p ec ia lly , p o re  v o lu m e  d e c re a sed  from  1 0 .9104  c m 3g‘* 
fo r P C L  sca ffo ld  to  4.7761 c m 3g-' P C L -1 0 % P H B  sc a ffo ld , 6 .1134  c m 3g ‘ P C L - 
2 0 % P H B  sca ffo ld , 6 .9269  c m 3g ‘ P C L -3 0 % P H B  sc a ffo ld , 4 .1 5 1 9  c m 3g-' P C L - 
10 % P H B V  sca ffo ld , 5 .8870  c m V  P C L -2 0 % P H B V  sca ffo ld , and  6 .4 6 8 8  c m 3g 1 
P C L -3 0 % P H B V  scaffo ld . T h e  p o re  v o lu m e  in c re a se d  w ith  an  in creased  th e  p o ro sity . 
T h e  b le n d in g  o f  PH B  o r P H B V  in c rea sed  th e  d e n s ity  b u t d ecreased  th e  p o ro s ity  
v a lu e s  o f  th e  sca ffo ld s. T he  p o ro s ity  v a lu e s  d e c re a se  w ith  b len d in g  o f  P H B  o r P H B V  
b ecau se  th e  P H B  o r P H B V  m atrix  m ig h t o c c u p y  th e  fre e  sp ace  av a ilab le  in  p o res.

Table 5.2 D en sity , p e rcen tag e  o f  p o ro s ity , p o re  v o lu m e , an d  c o m p re ss iv e  m o d u lu s  
o f  th e  P C L , P C L -P H B  and  P C L -P H B V  d u a l- le a c h ed  scaffo ld s : a ,b ,c ,d , e , f , g  are  
s ig n if ic a n tly  d iffe re n t at p  <  0.05 fo r an  in d iv id u a l fe a tu re ; *one w ay  A N O V A  w ith  
T u k ey  H S D , an d  ท =  10 for p o ro s ity  p o re  v o lu m e . ท =  30  fo r po re  s ize

Scaffolds Density*
(g/cm5)

Porosity*
(%)

. Pore volume* 
(cm3/g)

Pore size 
(pm)

Compressive
modulus

(kPa)
PCL 0.0853*0.0063 92.55±0.55a,c’<1’e’f.g 10.9104*0.8774a,c,d,e,f,g 452*31 57.7*8.2

PCL-10% 
PHB

0.1876±0.0464 83.61±4.05a-d 4.7761±1.5218a’ 382*20 287*6.9
PCL-20%

PHB
0.1540±0.0433 86.55*3.78^ 6.1134±2.0485a 350*21 735*4.5

PCL-30%
PHB

0.1347*0.0307 88.24±2.68ab,e 6.9269*1.8898a' 376*36 1,223*1.4
PCL-10% 

PHBV
0 .2 129±0.0605a,c,d,f;6 81.41±5.29a’c-'Xg. 4 .1519*1.3218a’ 367*29 951*1.3

PCL-20%
PHBV

0.1512±0.0238 86.80±2.08ae 5.8870*1.0363a 385*26 1,708*8.0
PCL-30%

PHBV
0.1375±0.0148 87.99* 1.29ac 6.4688*0.7454a’ 373*32 1,861*1.0
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Water Absorption Capacity
F ig u re  5.1 illu s tra te s  th e  w a te r  a b so rp tio n  c a p a c itie s  o f  the  PC L , P C L - 

P H B  an d  P C L -P H B V  sc a ffo ld s  in  0.1 M  P B S  a t ro o m  te m p e ra tu re  w ith in  3 days. 
T h e  w a te r  a b so rp tio n  ra te  in c reased  rap id ly  in  th e  ea rly  1 h an d  s lig h tly  increased  in 
3 d  fo r  P C L  sca ffo ld s . T h e  w a te r  ab so rp tio n  ra te  o f  P C L -P H B  ra p id ly  in c reased  in  12 
h , an d  s lig h tly  in c re a se d  in 3 d w h ile  th e  w a te r  a b so rp tio n  ra te  o f  P C L -P H B V  
in c re a se d  rap id ly  in  12 h, and  increased  c o n tin u o u s ly  in  3 d. T h e  w a te r ab so rp tio n  
c a p a c itie s  o f  P C L -P H B  and  P C L -P H B V  sc a ffo ld s  w ere  lo w e r th an  th e  w ate r 
a b so rp tio n  c a p a c itie s  o f  P C L  scaffo ld  at th e  an y  g iv en  tim e  p o in t. T he w a te r 
a b so rp tio n  ca p a c itie s  o f  P C L -P H B  sca ffo ld  w e re  lo w er th a n  th e  w a te r  ab so rp tio n  
c a p a c itie s  o f  P C L -P H B V  sca ffo ld s  at th e  e a rly  tim e  p o in t an d  w e re  s im ila r to  th e  
w a te r  a b so rp tio n  c a p a c itie s  o f  P C L -P H B V  sc a ffo ld  a t 3d. T h e  b le n d in g  o f  the P H B  
an d  P H B V  in  P C L  sc a ffo ld s  re su lted  in  d e c re a se  p o ro s itie s  o f  th e  sca ffo ld s  and, th e  
w a te r  a b so rp tio n  c a p a c itie s  o f  the  sca ffo ld s a lso  d ec rea sed .
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- ♦ -  3 CL - ฯ ะ»(ะL-10%PHB -Q- 3CL-20%PHB 
- O -  PCL-30SPHB  -Â- ะ,CL-10%PHBV -o- 3CL-20%PHBV -o- =>CL-30%PHBV

(a )

(b)

Figure 5.1 (a) W ate r a b so rp tio n  cap ac ity  o f  P C L , P C L -P H B , a n d  P C L -P H B V  dual- 
leach ed  sc a ffo ld s  in  0.1 M  P B S  at ro o m  te m p e ra tu re  o v e r  12 h o u rs , (b) W ater 
a b so rp tio n  c a p a c ity  o f  P C L , P C L -P H B , an d  P C L -P H B V  d u a l- le a c h e d  sca ffo ld s  in  
0.1 M  P B S  at ro o m  te m p e ra tu re  o v e r 3 days.
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Compressive Modulus
T h e  m e c h a n ic a l p ro p e r tie s  o f  p o ro u s  sc a ffo ld s  a re  e v a lu a te d  by  

co m p ress iv e  tests . T h e  c o m p re ss iv e  m o d u lu s  o f  PC L , P C L -P H B  an d  P C L -P H B V  
scaffo ld s are sh o w n  in ta b le  5.2. C o m p a re d  w ith  P C L  sc a ffo ld , P C L -P H B  a n d  P C L - 
P H B V  scaffo ld s e x h ib it h ig h e r  c o m p re ss iv e  m od u lu s. T h e  c o m p re ss iv e  m o d u lu s  
in c reased  from  ~  58 M P a  fo r th e  P C L  sca ffo ld  to 2 8 7 ,7 3 5 , 1223 , 9 5 1 , 1708 , an d  
1861 kP a for P C L -1 0 % P H B , P C L -2 0 % P H B , P C L -3 0 % P H B , P C L -1 0 % P H B V , P C L - 
20 % P H B V , and  P C L -3 0 % P H B V  sc a ffo ld s , resp ec tiv e ly . T h e  b le n d in g  o f  th e  P H B  
and  P H B V  in P C L  sc a ffo ld s  re su lte d  in  an  in c rea se  in c o m p re ss iv e  p ro p e rtie s .

Table 5.2 D ensity , p e rc e n ta g e  o f  p o ro s ity , p o re  v o lu m e, a n d  c o m p re ss iv e  m o d u lu s  
o f  th e  PC L , P C L -P H B  an d  P C L -P H B V  d u a l-le ach ed  sca ffo ld s : a ,b ,c ,d , e , f , g  a re  
s ig n ifican tly  d iffe ren t a t p <  0 .05 fo r an  in d iv id u a l fea tu re ; * o n e  w a y  A N O V A  w ith  
T u k ey  H SD , and  ท =  10 fo r p o ro s ity  p o re  v o lu m e . ท =  30  fo r p o re  s ize

Scaffolds Density*
(g/cm3)

Porosity*
(%)

Pore volume*
(cm3/g)

Pore size
(pm)

Compressive
modulus

(kPa)
PCL 0.0853±0.0063 92.55±0.55a,c,d'e'1 10.9104±0.8774 4 5 2± 3 1 57.7±8.2

PCL-10% 
PHB

0.1876±0.0464 83.61±4.05a'd 4.776l±1.5218a’ 382±20 287±6.9
PCL-20%

PHB
0 .1540±0.0433 86.55±3.78a,e a 6 .1 134±2.0485a 350±21 735±4.5

PCL-30%
PHB

0.1347±0.0307 88.24±2.68a,b,e 6.9269±1.8898a' 376±36 1,223±1.4
PCL-10% 

PHBV
0.2129±0.0605 81.41±5.29*-c'e’Cs 4.1519±1.3218a' 367±29 951±1.3

PCL-20%
PHBV

0.1512±0.0238 86.80±2.08a,c 5.8870±1.0363a 385±26 1,708±8.0
PCL-30%

PHBV
0.1375±0.0148 87.99±1.29ae 6.4688±0.7454a- 373±32 1,861±1.0



125

Remaining weight after degradation
F ig u re  5 .2  sh o w s the  re m a in in g  w e ig h t o f  th e  sca ffo ld s  a fte r  

d e g ra d in g  in  th e  ab se n c e  an d  p resen ce  o f  th e  e n z y m e  lip a se  in  0.1 M  P B S  pH  7.4 at 
37°c fo r 13 w eek s. In  th e  ab sen ce  o f  lip ase  (f ig  5 .2  (a )), th e  P C L -1 0 % P H B , P C L - 
2 0 % P H B , an d  P C L -3 0 % P H B  dual leach ed  sc a ffo ld s  d id  n o t sh o w  th e  rap id ly  ch ange  
o f  re m a in in g  w e ig h t w h ile  th e  P C L  sc a ffo ld s  d id  n o t sh o w  th e  rap id ly  change  o f  
re m a in in g  w e ig h t u n til th e  en d  o f  13 w eek s. W h e re a s  th e  re m a in in g  w e ig h t o f  P C L - 
10 % P H B V , P C L -2 0 % P H B V , and  P C L -3 0 % P H B V  sc a ffo ld s  w e re  rap id ly  s ig n ifican t 
d ro p  an d  re m a in in g  w e ig h ts  w ere  on ly  6 6 .2 % , 6 6 .1 ,%  an d  6 2 .6 % , re sp ec tiv e ly . It can  
be  sa id  th a t th e  P C L -P H B V  scaffo ld s a lso  sh o w e d  h ig h  w a te r  u p tak e  w h ich  is 
a n o th e r  fac to r in  th e  h y d ro ly tic  d eg rad a tio n  d u e  to  w a te r  c o u ld  lead  to  sw e llin g  o f  th e  
p o ly m e r an d  th u s  fa c ilita te  d eg rad a tio n . T h e  b io d e g ra d a b ility  o f  th e se  dual leached  
sc a ffo ld s  in  th e  a b sen ce  lip a se  so lu tio n  can  b e  ra n k  as  fo llo w s: P C L -3 0 % P H B V  >  
P C L -2 0 % P H B V  >  P C L -1 0 % P H B V  >  P C L  >  P C L -3 0 % P H B  >  P C L -2 0 % P H B  >  
P C L -1 0 % P H B . In th e  p re se n c e  o f  lip ase  (f ig u re  5 .2  (b )), it w as  c le a r ly  o b serv ed  th a t 
th e  re m a in in g  w e ig h t o f  P C L , P C L -P H B  a n d  P C L -P H B V  d u a l le ach ed  scaffo ld s 
w ere  m u c h  d e c re a s in g  c o m p are  to the ab se n c e  o f  lip a se  co n d itio n . F o r P C L , P C L - 
10 % P H B , P C L -2 0 % P H B , P C L -3 0 % P H B , P C L -1 0 % P H B V , P C L 2 0 % P H B V , and  
P C L -3 0 % P H B V  d u a l le ach ed  scaffo ld s, th e  p e rc e n ta g e  o f  d e c re a s in g  w e ig h t w ere  
8 0 .0 % , 7 5 .6 % , 8 0 .5 % , 8 1 .8 % , 64 .3% , 5 8 .4 % , an d  6 2 .7 % , re sp e c tiv e ly . T h e  ac tiv ity  
o f  th is  en z y m e  lip ase  e x h ib ite d  an  e ffec t to  P C L , P C L -P H B , an d  P C L -P H B V  dual 
le ach ed  sca ffo ld s . A d d itio n a lly , th e  d e g ra d a tio n  p ro f ile s  o f  P C L  an d  P C L -P H B  dual 
le ach ed  sc a ffo ld s  w e re  s im ila r; th ey  rev ea led  th e  g rad u a l d e c re a s in g  o f  w e ig h t in 13 
w eek s . W h erea s  th e  d e g ra d a tio n  ra te  o f  P C L -1 0 % P H B V  an d  P C L -2 0 % P H B V  du a l 
le ach ed  sc a ffo ld s  te n te d  to  d ec rea se  rap id ly  in  th e  13 w e e k s  a n d  th e  d eg rad a tio n  ra te  
o f  P C L -2 0 % P H B V  d u a l le ach ed  scaffo ld  te n d e d  to  d e c re a se  ra p id ly  an d  d ram atica lly  
d ro p  o f  w e ig h t a fte r  9 w eek s . T h e  b io d e g ra d a b ility  o f  th e se  p o ly e s te r  sca ffo ld s in  
lip ase  so lu tio n  can  be  ra n k  as  fo llo w s: P C L -2 0 % P H B V  >  P C L -3 0 % P H B V  > P C L - 
1 0 % P H B V  > P C L -1 0 %  P H B  >  P C L  >  P C L -2 0 % P H B  >  P C L -3 0 % P H B .

o
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Time (Week)

- • -  PC L  
- T -  PCL-10% PHB 
- O -  PCL-20% PHB 
- O -  PC L-3Û N PH 8  
- Â -  PCL-10% PHBV  
- O -  PCL-20% PHBV  
- O -  PCL-30% PH BV

(a )

Time (Week)

- T -  PCL-10% PHB 
—Q — PCL-20% PHB 
- O -  PCL-30% PHB 
—A — PCL-10% PHBV  
- O -  PCL-20% PH BV  
- ๐ -  PCL-30% PH BV

(b)

Figure 5.2 R em ain in g  w e ig h t o f  th e  sc a ffo ld s  a fte r 13 w eek s  d e g ra d a tio n  in  0.1 M  
P B S  co n ta in in g  (a) w ith o u t lip ase , (b ) w ith  lipase .

5.4 .2  B io lo g ica l E v a lu a tio n  o f  P C L , P C L -P H B  an d  P C L -P H B V  S c a ffo ld s  
Indirect Cytotoxicity Evaluation
A n In d ire c t c y to to x ic ity  e v a lu a tio n  w as c o n d u c te d  o n  P C L , P C L - 

P H B , and  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  by  u s in g  m o u se  c a lv a r ia -d e r iv e d  
p reo steo b las tic  c e l ls (M C 3 T 3 -E l)  an d  m o u se  f ib ro b las ts  c e lls  (L 9 2 9 ). E v e n  th o u g h  
w e  w ere  in terested  in  u s in g  th e  o b ta in e d  sca ffo ld s  as p o te n tia l b o n e  sc a ffo ld s , it w as  
m an d a to ry  to  te s t th e  m a te r ia ls  w ith  L 9 2 9  ju s t  to  c o m p ly  w ith  th e  IS O  10993-5  
stan d ard  test m ethod . F o r b o th  ty p e s  o f  c e lls , ab o u t 4 0 ,0 0 0  c e lls /w e ll w e re  se e d e d  in
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e m p ty  w e lls  o f  T C P S . F ig u re  5.3 (a ) an d  5.3 (b ) sh o w  th e  v iab ility  o f  th e  ce lls  
o b ta in e d  fro m  M T T  assay  a fte r  th e  c e lls  h ad  b e e n  c u ltu re d  w ith  th e  1, 3 , 7 d ay - 
e x tra c tio n  m e d ia  fro m  scaffo ld s as  c o m p a re d  w ith  th a t  o b ta in ed  after th e  c e lls  h ad  
b een  c u ltu re d  w ith  the  fresh  S F M (c o n tro l T C P S ). T h e  v iab ility  o f  th e  c e lls  w as 
rep o rted  as  th e  p e rcen tag e  w ith  re sp e c t to  th a t o f  th e  T C P S . E v iden tly , th e  v ia b ility  
ra tio  o f  c e lls  th a t h ad  been  cu ltu red  w ith  all o f  e x tra c tio n  m ed ia  from  P C L , P C L - 
P H B , an d  P C L -P H B V  d u a l-le ach ed  sc a ffo ld s  (an d  w ith  co n tro l T C P S ) w e re  g re a te r  
th an  80% . T h ese  re su lts  co u ld  b e  su g g e s te d  th a t all ty p es  o f  P C L -P H B  an d  P C L - 
P H B V  d u a l- le a c h ed  scaffo ld s p o sed  n o  th re a ts  to  th e  ce lls .
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mm  TCPS  
n  PCL 
CEM1 PCL-10%PHB 
n m  PCL-20%PHB 

PCL-30%PHB 
» I PCL-10% PHBV 
1 ~] PCL-20%PHBV
■ ท  PCL-30% PHBV

Immersion time

(a )

B B  T C P S  
PC L

m m  PCL-10% PHB 
m u  PCL-20% PHB 
r ~ l  PCL-30% PHB 
I า  PCL-10% PH BV  
I I PCL-20% PH BV  
B a a  PCL-30% PH BV

■๔X (b)

Figure 5.3 In d irec t c y to to x ic  ev a lu a tio n  o f  T C P S , P C L , P C L -1 0 % P H B , P C L - 
2 0 % P H B , P C L -3 0 % P H B , P C L -1 0 % P H B V , P C L -2 0 % P H B V  an d  P C L -3 0 % P H B V  
d u a l- le a c h ed  sca ffo ld s , b a se d  o n  th e  v iab ility  o f  (a ) m o u se  f ib ro b la s ts  (L 9 2 9 )  and  (b) 
p re -o s te o b la s ts  (M C 3 T 3 -E 1 ) th a t w ere  cu ltu red  w ith  th e  e x tra c tio n  m e d iu m  from  
each  sca ffo ld . C e ll v ia b ility  w as  tested  u sin g  ce lls  th a t  h a d  b e e n  c u ltu re d  w ith  th e ir  
re sp ec tiv e  c u ltu re  m e d ia  each  day  as a  fu n c tio n  o f  th e  in c u b a tio n  tim e  o f  the 
e x tra c tio n  an d  th e  c u ltu re  m e d ia  o f  1, 3, o r 7 d ay s. S ta tis tic a l s ig n if ic a n c e : *p <  0 .0 5  
co m p ared  w ith  co n tro l an d  up < 0 .05  co m p ared  to  th e  P C L  sc a ffo ld s  at an y  g iven  
tim e  p o in t.
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Cell Attachment and Cell Proliferation
T he p o ten tia l fo r th e  P C L -P H B  and  P C L -P H B V  d u a l- le a c h e d  

sca ffo ld s  in su p p o rtin g  b o th  th e  a tta c h m e n t and  th e  p ro life ra tio n  o f  b o n e  c e lls  w e re  
a sse ssed  w ith  M C 3 T 3 -E 1 . T h e  ce lls  w e re  e ith e r seed ed  o r c u ltu re d  o n  th e  su rfa c e s  o f  
th e  PC L , P C L -P H B , an d  P C L -P H B V  d u a l- le a c h e d  scaffo ld s an d  T C P S  (c o n tro l)  fo r 
4 , 8 16 h and 1, 2, 3 day . F ig u re  5 .4  sh o w s  th e  a tta ch m en t o f  M C 3 T 3 -E 1  on  th e  
su rface  o f  T C P S , th e  P C L , P C L -P H B , an d  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  o n  4 , 
8, an d  16 h after ce ll cu ltu rin g  in  te rm s o f  th e  v iab ility  o f  c e lls  (% re la tiv e  to  T C P S  a t 
4 h). T he v iab ility  o f  c e lls  on  a  sca ffo ld  co u ld  be q u an tified  by  F lu o re sc e n t e m is s io n  
in ten sity  from  the  A la rm a r B lue  a ssay . O n  T C P S , the  n u m b er o f  c e lls  in c re a se d  fro m  
- 1 0 0 %  on  4 h a fte r ce ll c u ltu re  to  - 1 3 3 %  o n  16 h after ce ll c u ltu r in g , b a se d  o n  th e  
in itia l 40 ,000  ce lls /w e ll o f  c e lls  seed ed . In  co m p ariso n  w ith  th e  v ia b ility  o f  c e lls  on  
T C P S , the v iab ility  o f  ce lls  o n  P C L , P C L -P H B , and  P C L -P H B V  d u a l- le a c h e d  
sca ffo ld s  w ere s ig n ific an tly  h ig h e r  a t an y  g iv en  tim e p o in t. T h e  v ia b ility  o f  c e lls  o n  
P C L -P H B  d u a l-leach ed  sca ffo ld  w as s lig h tly  lo w er than  th a t o n  P C L  o n  4 h a n d  w a s  
s ig n ifican tly  h ig h e r th an  th a t on  P C L  o n  8, an d  16 h. B ut th a t o n  P C L -P H B V  d u a l-  
leach ed  scaffo ld  w as s ig n ific a n tly  h ig h e r  th an  th a t on  P C L  an d  P C L -P H B  o n  4 , 8, 
and  16 h.

F ig u re  5.5 sh o w s th e  p ro life ra tio n  o f  M C 3 T 3 -E 1  o n  th e  su rfa c e  o f  
T C P S , the PC L , P C L -P H B , an d  P C L -P H B V  d u a l-leach ed  sc a ffo ld s  o n  d ay  1, 2 , an d  
3 a fte r  cell cu ltu rin g  in  te rm s  o f  th e  v ia b ility  o f  ce lls  (% re la tiv e  to  T C P S  a t d a y l ) .  
T h e  v iab ility  o f  c e lls  o n  a  sca ffo ld  c o u ld  be q u an tified  b y  F lu o re sc e n t e m is s io n  
in ten sity  from  the A la rm a r B lu e  a ssay . O n  T C P S , the  n u m b e r o f  c e lls  in c re a se d  fro m  
- 1 0 0 %  on  d a y l a fte r ce ll cu ltu re  to  - 1 4 7 %  o n  day  3 afte r ce ll c u ltu r in g , b a se d  o n  th e  
in itia l 40 ,000  ce lls /w e ll o f  c e lls  seed ed . In  co m p ariso n  w ith  th e  v ia b il i ty  o f  c e lls  o n  
T C P S , the  v iab ility  o f  c e lls  on  all P C L , P C L -P H B , and  P C L -P H B V  d u a l- le a c h e d  
sca ffo ld s  w ere  s ig n ific a n tly  h ig h e r  a t an y  g iv en  tim e p o in t. O n  d ay  1 an d  2 , th e  
v iab ility  o f  cell on  th e  P C L -P H B  an d  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  w e re  
s ig n ifican tly  h ig h er th a n  th a t on  P C L  d u a l- le a c h e d  scaffo ld  a n d  th e  v ia b ility  o f  ce ll 
o n  th e  P C L -P H B  and  P C L -P H B V  d u a l- le a c h e d  scaffo ld s w e re  n o t d iffe re n t. T h e  
v iab ility  o f  cell o n  th e  P C L -P H B  an d  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  w e re  
g rea te r than  tha t on  P C L  d u a l- le a c h ed  sca ffo ld  on  d ay  3 an d  th e  v ia b il i ty  o f  ce ll o n

๐
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th e  P C L -1 0 % P H B  sca ffo ld s  sh o w s th e  h ig h e s t o n  d a y  3. F o r  th e  p ro life ra tio n  o f  th e  
ce lls , a ll P C L  d u a l-leach ed  sca ffo ld s  a re  ab le  to  su p p o r t th e  p ro life ra tio n  o f  th e  ce lls  
a t s ig n if ic a n tly  h ig h e r levels to  th a t o n  T C P S , th is  re su lts  c o u ld  be  su g g es ted  th a t th e  
P C L -P H B  and  P C L -P H B V  d u a l- le a c h ed  sc a ffo ld s  p ro v id e d  b e tte r  su p p o rt fo r b o n e  
ce ll ad h e s io n  an d  p ro life ra tio n . T h e  b e tte r  su p p o rt o f  th e  P C L -P H B  and  P C L -P H B V  
d u a l- le a c h ed  sca ffo ld  for b o n e  ce ll c u ltu re  sh o u ld  be  d u e  to  th e  b len d in g  o f  P H B  or 
P H B V  m a trix  in  P C L  dual leach ed  sca ffo ld s .

ฬ

■ ■  C o n tro l(T C P S )

n~T7l PCL-20%PHB 
m m  PCL-30%PHB 

PCL-10%PHBV mm PCL-20%PHBV 
r~ ~ l PCL-30%PHBV

Figure 5.4 A tta c h m e n t o f  M C 3 T 3 -E 1  ce lls  th a t  w e re  se e d e d  o r c u l tu re c fo n  th e  
su rface s  o f  T C P S , PC L , P C L -10°/oP H B , P C L -2 0 % P H B , P C L -3 0 % P H B , P C L - 
1 0 % P H B V , P C L -2 0 % P H B V  an d  P C L -3 0 % P H B V  d u a l- le a c h e d  sca ffo ld s  fo r  4 , 8, o r 
16 h ou rs. S ta tis tica l s ig n ifican ce : *p <  0 .05  c o m p a re d  w ith  co n tro l and  #p  < 0 .05  
co m p ared  to  th e  P C L  scaffo ld s a t an y  g iv e n  tim e.

o
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Conlrol(TCPS) 
PCL

g g a  PCL-10%PHB 
I I PCL-20%PHB m m  PCL-30%PHB 

PCL-10%PHBV 
PCL-20%PHBV 
PCL-30%PHBV

F ig u r e  5 .5  P ro life ra tio n  o f  M C 3T 3-E 1 ce lls  th a t w ere  se e d e d  o r c u ltu re d  on  the  
su rfaces  o f  T C P S , P C L , P C L -1 0 % P H B , P C L -2 0 % P H B , P C L -3 0 % P H B , P C L - 
10 % P H B V , P C L -2 0 % P H B V  an d  P C L -3 0 % P H B V  d u a l- le a c h e d  sc a ffo ld s  fo r 1, 2, or 
3 d ay s. S ta tis tica l s ig n ific an ce : *p < 0 .05 c o m p a re d  w ith  co n tro l an d  #p  < 0 .05 
co m p ared  to  th e  P C L  sc a ffo ld s  at any  g iven  tim e

Cell Morphology
T ab le  5.3 an d  5.4 show  se lec ted  S E M  im ag es  (m ag n ific a tio n  =  

3 5 0 0 X ; sca le  b ar =  5 p m )  o f  M C 3T 3-E 1 th a t w e re  e ith e r  se e d e d  o r cu ltu red  on  the 
su rface s  o f  g lass , P C L , P C L -P H B , and  P C L -P H B V  d u a l- le a c h e d  scaffo ld s at 
d iffe ren t tim e  p o in ts . A c c o rd in g  to  these  im ag es , ce ll m o rp h o lo g y  an d  in te rac tio n  
b e tw e e n  ce lls  an d  th e  sc a ffo ld s  can  be in v e s tig a te d . A t 4 h  a f te r  c e lls  seed ing , th e  
m a jo rity  o f  c e lls  on  th e  g la ss  su rface  w ere  s tille d  ro u n d e d  an d  s ta rte d  to  ex ten d  th e ir  
cy to p la sm . A t 8 h a fte r  c e lls  seed ing , th e  m a jo r ity  o f  c e lls  o n  th e  g la ss  su rface  
sh o w ed  ev id e n c e  o f  th e  e x te n s io n  o f  th e ir  c y to p la sm  on  th e  su rface . A t 16 h  a fte r 
ce lls  seed in g , th e  m a jo r ity  o f  ce lls  show ed  e v id e n c e  o f  th e  e x p a n s io n  on  th e  su rface. 
F o r th e  ce lls  th a t w e re  seed ed  on  the su rface  o f  all sc a ffo ld s , a t 4  h  a fte r  ce lls  
seed in g , th e  m a jo rity  o f  c e lls  o n  su rface  sh o w e d  e v id e n c e  o f  th e  e x te n s io n  o f  th e ir  
c y to p la sm  o n  th e  su rface . A t 8 h a fte r ce lls  se e d in g , th e  m a jo r ity  o f  c e lls  show ed  
ev id en ce  o f  th e  e x te n s io n  an d  ex p an sio n  on  th e  su rface . A t 16 h a f te r  c e lls  seed ing ,

๐
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th e  m a jo rity  o f  c e lls  ex p a n d e d  o v e r  th e  a re a  o f  sca ffo ld s  w h ic h  w e re  th e  m o s t 
e x p an s io n  on  P C L -1 0 % P H B , P C L -2 0 % P H B , P C L -2 0 % P H B V , a n d  P C L -3 0 % P H B V  
d u a l-leach ed  sca ffo ld s . A t 1 ,2 ,  an d  3 d a y s  a fte r  ce lls  se e d in g , th e  m a jo r ity  o f  th e  
ce lls  seed ed  on  th e  su rface s  o f  a ll ty p e s  o f  sca ffo ld s ex p a n d e d  o v e r  th e  a re a  o f  th e  
sca ffo ld s. T he  m o s t ex p a n s io n  w ere  o n  th e  su rface  o f  P C L -1 0 % P H B  d u a l- le a c h e d  
sca ffo ld  at any  g iv en  tim e  p o in t.
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T a b le  5 .3  A tta c h m e n t o f  M C 3 T 3 -E 1  th a t h ad  b e e n  se e d e d  o r cu ltu red  o n  th e  
su rface s  o f  g la ss , th e  PC L , the  P C L -P H B  an d  th e  P C L -P H B V  d u a l-leach ed  sc a ffo ld s  
fo r 4 , 8, o r 16 h. S e lec ted  S E M  im ag es  o f  c u ltu re d  sp ec im en s , i.e., g la ss  (i.e ., 
co n tro l) , P C L , P C L -P H B , and  P C L -P H B V  d u a l- le a c h e d  sca ffo ld s  at th ree  d iffe re n t 
tim e  p o in ts  a fte r  M C 3T 3-E 1  w ere  seed ed  o r c u ltu re d  o n  th e ir  su rfaces  (m a g n if ic a tio n  
=  3 5 0 0 X ; sca le  b a r =  5 p m )

C u ltu rin g  tim e

Substrate

G lass

P C L

ร
PH B

ร
P H B

ร
P H B

Sr
P H B V

Sr
P H B V

Sr
P H B V
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T a b le  5 .4  P ro life ra tio n  o f  M C 3T 3-E 1  th a t h a d  b een  se e d e d  o r cu ltu red  on  the  
su rface s  o f  th e  g la ss , th e  P C L , the  P C L -P H B  an d  th e  P C L -P H B V  d u a l-leach ed  
sca ffo ld s  fo r 1, 2, o r  3d . S e lec ted  SE M  im ag es o f  c u ltu re d  sp e c im e n s , i.e ., g la ss  (i.e ., 
co n tro l) , P C L , P C L -P H B , an d  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  a t th re e  d iffe ren t 
tim e  p o in ts  a fte r  M C 3 T 3 -E 1  w ere  seeded  o r c u ltu re d  o n  tfie ir su rfa c e s  (m ag n ific a tio n  
=  3 5 0 0 X ; sca le  b ar =  5 p m )

C u ltu rin g  tim e

G lass

P C L

ร
P H B

ร
P H B

Substrate ?P H B

รูรฺโ
P H B V

P H B V

P H B V

o
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Alkaline Phosphatase (ALP) Activity
A m o n g  th e  v a rio u s  b io lo g ic a l func tions o f  o s te o b la s ts , se c re tio n  o f  

a lk a lin e  p h o sp h a tase  (A L P ) is an  im p o rta n t in d ica to r d e te rm in in g  th e  a c tiv ity  o f  th e  
ce lls  on  a  sca ffo ld . T h e  A L P  a c tiv ity  o f  M C 3 T 3 -E 1  ce lls  th a t w e re  c u ltu re d  o n  P C L  
sca ffo ld s  for 3, 5, an d  7 days. T h e  A L P  ac tiv ity  o f  M C 3 T 3 -E 1  o n  T C P S  (i.e . 
co n tro ls), PC L , P C L -P H B , an d  P C L -P H B V  d u a l-leach ed  sc a ffo ld s  w e re  m o n ito re d  
a t 3, 5 and 7 days in c u ltu re  (see  F ig u re  5 .6 ). F o r all o f  P C L -P H B  an d  P C L -P H B V  
sca ffo ld s  in v es tig a ted , th e  A L P  a c tiv itie s  w ere  h ig h er th an  T C P S  o n  d ay  3 a n d  5 an d  
w ere  s ig n ifican tly  h ig h e r  th an  P C L  at an y  g iv en  tim e  p o in t. W h e re a s  th e  A L P  
ac tiv itie s  on  day  7 fo r P C L -P H B  an d  P C L -P H B V  w ere  s ig n if ic a n tly  h ig h e r  th a n  P C L  
b u t th ey  w ere  lo w er th a n  T C P S . S in ce  A L P  ac tiv ity  is a lso  d e te c te d  in  sev e ra l n o n - 
ca lc ified  tissu es and  o rg a n s  as th e  k id n e y , sm all in testin es an d  p la c e n ta , it c o u ld  be  
in d ica ted  that the A L P  a c itiv ity  o f  M C 3 T 3 -E 1  th a t w ere  c u ltu re d  o n  sc a ffo ld s  co u ld  
n o t be  a m ark e r o f  th e  c a lc if ic a tio n  p ro c e ss .43'46

B D  TCPS

r m  PCL-10%PHB
I---- I PCL-20%PHB
I---- 1 PCL-30%PHBVr-- 1 PCL-10%PHBV
I---- 1 PCL-20%PHBV
msm PCL-30%PHBV

F ig u r e  5 .6 A lk a lin e  p h o sp h a ta se  (A L P ) ac tiv ity  o f  M C 3 T 3 -E 1  c e lls  th a t  w e re  
cu ltu red  on  the  su rface s  o f  T C P S , P C L , P C L -1 0 % P H B , P C L -2 0 % P H B , P C L - 
3 0 % P H B , P C L -1 0 % P H B V , P C L -2 0 % P H B V  and  P C L -3 0 % P H B V  d u a l- le a c h e d  
sca ffo ld s  fo r 3, 5, o r  7 d ay s. S ta tis tic a l s ig n ific an ce : *p <  0 .05  c o m p a re d  w ith  co n tro l 
an d  up < 0.05 co m p ared  to  th e  P C L  sc a ffo ld s  at any  g iven  tim e .

๐
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Mineralization
A lizarin  R ed  ร s ta in in g  w as u sed  to  q u a n tify  th e  m in era l d e p o s itio n  o f  

M C 3 T 3 -E 1  th a t w ere  cu ltu red  o n  th e  su rface s  o f  T C P S , P C L , P C L -P H B , an d  P C L - 
P H B V  d u a l-le ach ed  sca ffo ld s  fo r  14 an d  21 d ay s. T a b le  5.5 sh o w s p h o to g ra p h ic  
im ag es o f  th e  s ta ined  sp ec im en s. T h e  a p p e a ra n ce  o f  red  on  th e  s ta in ed  p ro d u c t sh o w s 
th e  p re se n c e  o f  calcium . In th e  p re se n c e  o f  c a lc iu m , th e  A liza rin  R ed  S -ca lc iu m  
ch e la tin g  p ro d u c t appeared  red . O n  d ay  14 a f te r  ce ll cu ltu rin g , th e  red  s ta in in g  
p ro d u c t o b se rv e d  for P C L -3 0 % P H B  d u a l- le a c h e d  sc a ffo ld s  w as g rea test, fo llo w e d  by  
th a t o b se rv e d  fo r P C L -2 0 % P H B , an d  P C L -2 0 % P H B V . A n  in c rease  in  th e  red  
s ta in in g  p ro d u c t w as o b se rv ed  fo r all th e  su rfa c e s  in v es tig a ted  on  d ay  21 . T h e  
q u a n tita tiv e  an a ly sis  o f  th e  re su lts  sh o w n  in  F ig u re  5 .7  w as ca rried  o u t b y  e lu tio n  o f  
c a lc iu m  d ep o s itio n  w ith  c e ty lp y rid in iu m  c h lo r id e  an d  sp e c tro p h o to m e tic a lly  read  at 
570  nm . T h e  ex trac ted  sta in  a b so rb a n c e  o b ta in e d  on  d ay s  14 su p p o rted  th e  ab o v e  
d a ta  w h e re  h ig h e s t in tensity  o f  s ta in in g  p ro d u c t w as  o b se rv ed  on  P C L -3 0 % P H B V , 
fo llo w ed  by  P C L -3 0 % P H B , P C L -2 0 % P H B , an d  P C L -2 0 % P H B V  re sp e c tiv e ly . 
W h en  th e  cu ltu re  w as m a in ta in e d  up  to  21 d ay s, s ig n ific an tly  g rea te r  a m o u n t o f  
c a lc iu m  d ep o s itio n  w ere  o b se rv e d  o n  P C L -P H B , and  P C L -P H B V  sc a ffo ld s  
co m p ared  to  P C L  scaffo ld  an d  T C P S .

14d 21 d
C ell c u ltu r in g  tim e

F ig u r e  5 .7  Q u an tific a tio n  o f  m in e ra l d e p o s itio n  in  M C 3 T 3 -E 1  ce lls  by  A liz a r in  
R ed-S  sta in in g . S ta tistica l s ig n if ic a n c e : *p < 0 .05  c o m p a re d  w ith  co n tro l an d  #p < 
0.05 co m p ared  to  the  PC L , th e  P C L -P H B , an d  th e  P C L -P H B V  sca ffo ld s  a t an y  g iv en  
tim e  p o in t.

■ ■  Control(TCPS) 
H i  PCL

จ ิ PCL-10% PHB 
PCL-20% PHB 
PCL-30% PHB 

r~ ~ ใ PCL-10% PHBV 
I I PCL-20% PHBV 
M i  PCL-30% PHBV

๐
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T a b le  5 .5  Im ag es o f  A liz a r in  R ed-S  s ta in in g  fo r th e  m in e ra liz a tio n  in  M C 3T 3-E 1  on  
th e  T C P S , the  P C L , th e  P C L -P H B , and  the  P C L -P H B V  d u a l- le a c h e d  sc a ffo ld s  at 14 
and  21 d ay

Day
Substrate 14 Day 21 Day

+ Cell -C ell + Cell -Cell

TCPS Si||§f̂ liSÉ
พ ๚เรแF

PCL fillเรแเini
PCL-10% 

PHB tillHi เ̂ 1 left
PCL-20%

PHB ISP๚ « ร เ ^ เ^ i|§jp lip
PCL-30%

PHB Ilf ill ip
1Æ Sll̂

PCL-10% *̂*!11b fiiiSipii;PHBV 1เ!
PCL-20%

PHBV fjpIII II
PCL-30%

PHBV iü n # •



138

5.5 Conclusion

PCL, PCL-PHB, and PCL-PHBV dual-leached scaffolds have been 
prepared by combining solvent casting and salt particulate leaching with polymer 
leaching technique. The PCL, PCL-PHB, and PCL-PHBV dual-leached scaffolds 
have been extensively characterized in terms of physical and mechanical properties 
such as morphology, compressive modulus, water absorption capacity, and 
remaining weight after degradation. The compressive modulus increased from ~  58 
kPa for the PCL scaffold to ~287 - 1,861 kPa for PCL-PHB and PCL-PHBV dual- 
leached scaffolds. Mechanical properties of PCL-PHB and PCL-PHBV dual-leached 
scaffolds have been greatly improved by blending of PHB or PHBV. For the 
degradation observation, the remaining weight of PCL, PCL-PHB and PCL-PHBV 
dual leached scaffolds were much decreasing compare to the absence of lipase 
condition. These results could be suggested that the activity of this enzyme lipase 
exhibited an effect to PCL, PCL-PHB, and PCL-PHBV dual leached scaffolds. 
Indirect cytotoxicity evaluation of these scaffolds with mouse fibroblastic cells 
(L929) and mouse calvaria-derived pre-osteoblastic cell (MC3T3-E1) indicated 
biocompatibility of these materials to both types of cell. The potential for use of 
these scaffolds as bone scaffolds was further assessed in vitro in terms of the 
attachment, the proliferation, the alkaline phosphatase (ALP) activity, and the 
mineralization of MC3T3-E1 that were seeded or cultured at different times. The 
obtained results showed that the both PCL-PHB and PCL-PHBV scaffolds exhibited 
better adhesion of cells than the TCPS and the PCL-PHB and PCL-PHBV dual- 
leached scaffolds exhibited better proliferation of cells than the corresponding TCPS 
and other scaffolds. Evidently, the cells that were cultured on all of the PCL-PHB 
and PCL-PHBV dual-leached scaffolds at 4 h appeared to be well-expanded and 
attach on scaffolds surface while that seeded on glass substrate was still in round 
shape. The cells that were cultured on PCL-10%PHB dual-leached scaffold showed 
the most expansion on the surface of scaffold. In mineralization assessment of 
MC3T3-E1 on days 14 and 21, the most intensity of staining product for calcium 
deposition were observed on PCL-PHB, and PCL-PHBV scaffolds compared to PCL
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scaffold and TCPS. Our results indicate that PCL-PHB and PCL-PHBV dual-leached 
scaffolds possesses improvement in mechanical properties and degradation rate and 
its ability to support MC3T3-E1 cell attachment, proliferation, and mineralization for 
used as bone scaffolding material.
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