
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Preparation of Polymeric Fibrous Scaffolds

P o i y c a p r o l a c t o n e  ( P C L ;  M n =  8 0 ,0 0 0  g / m o l )  e l e c t r o s p u n  f i b r o u s  s c a f f o l d  

w e r e  p r e p a r e d  v i a  e l e c t r o s p i n n i n g  t e c h n i q u e  u n d e r  f i x e d  c o n d i t i o n  a s  m e n t i o n e d  in  

p r e v i o u s  c h a p t e r .  T r a n s l u c e n t  e l e c t r o s p u n  P C L  f i b r o u s  s c a f f o l d s  w i t h  a  t h i c k n e s s  o f  

1 5 0  ±  5 p m  w e r e  o b t a i n e d .  M o r p h o l o g i c a l  a p p e a r a n c e  a n d  s i z e  o f  t h e  i n d i v i d u a l  

f i b e r s  o f  t h e  s c a f f o l d s  w e r e  e x a m i n e d  b y  J E O L  J S M  5 2 0 0  s c a n n i n g  e l e c t r o n  

m i c r o s c o p y  ( S E M )  a s  s h o w e d  in  F i g u r e  4 .1 .  A t  l e a s t  1 0 0  r e a d i n g s  o f  t h e  f i b e r  

d i a m e t e r s  f r o m  v a r i o u s  S E M  i m a g e s  w e r e  s t a t i s t i c a l l y  a n a l y z e d  u s i n g  S e m A p h o r e  

4 .0  s o f t w a r e ,  f r o m  w h i c h  t h e  a r i t h m e t i c  m e a n  v a l u e  o f  t h e  i n d i v i d u a l  f i b e r  d i a m e t e r  

w i t h i n  t h e  P C L  f i b e r  m a t s  w a s  d e t e r m i n e d  to  b e  0 .5 0  ±  0 .0 5  p m .

Figure 4.1 S e l e c t e d  S E M  i m a g e  o f  P C L  e l e c t r o s p u n  f i b r o u s  s c a f f o l d s  

( m a g n i f i c a t i o n  =  5 0 0 0 x ;  s c a l e  b a r  =  1 0  p m ) .
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4.2 Scaffold Characterization

4 .2 .1  S u r f a c e  W e t t a b i l i t y

T o  f u r t h e r  e v a l u a t e  t h e  e f f e c t  o f  a m i n o l y s i s ,  s u r f a c e  w e t t a b i l i t y  o f  t h e  

a m i n o l y z e d  P C L  f i b r o u s  s c a f f o l d s  w i t h  r e s p e c t  t o  t h a t  o f  t h e  n e a t  P C L  f i b r o u s  

s c a f f o l d s  w a s  m e a s u r e d .  B e s i d e s ,  w a t e r  c o n t a c t  a n g l e  m e a s u r e m e n t  w a s  a l s o  u s e d  to  

e v a l u a t e  t h e  s u r f a c e  w e t t a b i l i t y  o f  t h e  B S A - i m m o b i l i z e d  P C L  f i b r o u s  s c a f f o l d s .  

T a b le  4 .1  s h o w s  t h e  s u r f a c e  w e t t a b i l i t y  o f  u n m o d i f i e d  P C L ,  a m i n o l y z e d  P C L ,  

a c t i v a t e d  P C L  a n d  B S A - i m m o b i l i z e d  P C L  ( B S A  =  3 .0  m g / m l )  f i b r o u s  s c a f f o l d s .  T h e  

w a t e r  c o n t a c t  a n g le  m e a s u r e d  b y  t h e  s e s s i l e  d r o p  m e t h o d  d e c r e a s e d  s l i g h t l y  f r o m  

1 0 9 .4 °  t o  1 0 5 .1 °  a f t e r  t h e  s c a f f o l d s  w e r e  a m i n o l y z e d  w i t h  0 .2  g / m l  o f  H M D / I P A  

s o l u t i o n  f o r  2  h . T h a t  i s ,  i n t r o d u c t i o n  o f  t h e  a m i n o  g r o u p s  o n  t h e  s u r f a c e  o f  t h e  P C L  

f i b r o u s  s c a f f o l d s  i m p r o v e d  t h e  h y d r o p h i l i c i t y  o f  t h e  s u r f a c e .  A f t e r  t h e  a m i n o l y z e d  

P C L  f i b r o u s  s c a f f o l d s  h a v e  b e e n  a c t i v a t e d  w i t h  D S C ,  t h e i r  s u r f a c e  b e c a m e  m o r e  

h y d r o p h o b i c  a s  e v i d e n c e d  b y  t h e  w a t e r  c o n t a c t  a n g l e  o f  1 1 5 .0 ° .  W a t e r  c o n t a c t  a n g le  

d e c r e a s e d  i m p o r t a n t l y  w h e n  t h e  B S A  w a s  i m m o b i l i z e d .  F i g u r e  4 .2  s h o w s  t h a t  t h e  

s u r f a c e  b e c a m e  m u c h  m o r e  h y d r o p h i l i c  a f t e r  B S A  i m m o b i l i z a t i o n .  W a t e r  c o n t a c t  

a n g le  w a s  9 4 .4 °  f o r  B S A  3 .0  m g / m l  i m m e r s i o n .  W a t e r  c o n t a c t  a n g l e  m e a s u r e m e n t s  

o f  p h y s i s o r b e d  B S A - c o a t e d  P C L  s u r f a c e s  h a v e  c o n t a c t  a n g l e  a l m o s t  t h e  s a m e  a s  th e  

a m i n o l y z e d  P C L  s u r f a c e s  ( 1 0 3 .2 °  a n d  1 0 5 .1 ° )  b u t  m u c h  h i g h e r  v a l u e s  t h a n  c o v a l e n t l y  

b o n d e d  w i t h  p r o t e i n  s u r f a c e s .  T h a t  m e a n s  a c t i v a t i o n  s t e p  is  a n  i m p o r t a n t  s t e p  in  

p r o t e in  g r a f t i n g  p r o c e s s .

Figure 4.2 W a t e r  d r o p p e d  o n  t h e  s u r f a c e  o f  n e a t  P C L  f i b r o u s  s c a f f o l d s  ( a )  a n d  P C L  

f i b r o u s  s c a f f o l d s  i m m o b i l i z e d  w i t h  3 .0  m g / m l  B S A  ( b ) .
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Table 4.1 W a t e r  c o n t a c t  a n g le s  o f  t h e  c o n t r o l  a n d  m o d i f i e d  P C L  f i b r o u s  s c a f f o l d s

S a m p l e s
W a t e r  c o n t a c t  a n g l e / d e g r e e

( S e s s i l e  d r o p )

C o n t r o l  P C L 1 0 9 .4 °

A m i n o l y z e d  P C L a 1 0 5 .1 °

A c t i v a t e  P C L b 1 1 5 .0 °

B S A  I m m o b i l i z e d  P C L C 9 4 .4 °

aT h e  P C L  e - s p u n  f i b e r  m a t s  w e r e  i m m e r s e d  in  0 .2  g /m l  H M D / I P A  s o l u t i o n  f o r  2  h . 

hT h e  a m i n o l y z e d  P C L  f i b e r s  w e r e  i m m e r s e d  in  0 .1  M  D S C  s o l u t i o n  f o r  1 h .

LT h e  a c t i v a t e d  P C L  f i b e r s  w e r e  i m m e r s e d  in  3 .0  m g / m l  B S A  s o l u t i o n s  f o r  2 4  h  

f o l l o w e d  b y  t h e  r i n s i n g  p r o c e s s .

4 .2 .2  C h e m i c a l  A n a l y s i s  o f  S u r f a c e

A T R - F T I R  s p e c t r a  o f  P C L  a n d  m o d i f i e d  P C L  f i b r o u s  s c a f f o l d s  a r e  

s h o w e d  in  F i g u r e  4 .6 .  A  m a j o r  a b s o r p t i o n  p e a k  a s s i g n e d  to  t h e  e s t e r  c a r b o n y l  o f  

v i r g i n  P C L  a p p e a r e d  a t  1 7 4 5  c m '1 w a s  s h o w e d .  H o w e v e r ,  t h e  s p e c t r a  o f  a l l  o f  t h e  

m o d i f i e d  m a t e r i a l s  a r e  a l m o s t  t h e  s a m e  a s  t h e  u n m o d i f i e d  P C L .  T h i s  m a y  b e  

r e g a r d e d  a s  a  r e s u l t  o f  t h e  e x t r e m e l y  l o w  c o n c e n t r a t i o n  o f  i n t r o d u c e d  c h e m i c a l s  

w h i c h  p r e s e n t e d  w i t h i n  t h e  s a m p l i n g  d e p t h  o f  A T R - F T I R  ( 1 - 2  p m ) .
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Figure 4 .3  A T R - F T I R  s p e c t r a  o f  n e a t  a n d  m o d i f i e d  P C L  f i b r o u s  s c a f f o l d s .

X - r a y  p h o t o e l e c t r o n  s p e c t r o m e t e r  ( X P S )  w a s  a p p l i e d  to  c o n f i r m  t h e  

s u c c e s s  o f  a m i n o l y s i s  r e a c t i o n  a n d  i m m o b i l i z a t i o n  o f  B S A .  I t  w a s  u s e d  to  e v a l u a t e  

t h e  N i s /C i s  r a t i o  o f  t h e  u n m o d i f i e d  a n d  m o d i f i e d  P C L  f i b r o u s  s c a f f o l d s .  T h e  N i s / C i s  

r a t i o  w a s  e x p e c t e d  t o  i n c r e a s e  a f t e r  a m i n o l y s i s  r e a c t i o n  a n d  B S A  i m m o b i l i z a t i o n .

4 .2 .3  E l e m e n t a l  C o m p o s i t i o n  o f  t h e  S u r f a c e

T h e  s u r f a c e  a l t e r a t i o n  a f t e r  t h e  P C L  f i b r o u s  s c a f f o l d s  w e r e  m o d i f i e d  

w a s  s t u d i e d  b y  X P S .  T o  s tu d y  t h e  e f f e c t  o f  t h e  a m i n o l y s i s  c o n d i t i o n  o n  t h e  s u r f a c e  

a l t e r a t i o n ,  N i s / C i s  r a t i o s  a s  a  f u n c t i o n  o f  H M D  c o n c e n t r a t i o n  a n d  a m i n o l y z i n g  t i m e  

w e r e  e v a l u a t e d .  X P S  a n a l y s i s  o f  a m i n o l y z e d  P C L  s a m p l e  s u r f a c e s  s h o w e d  t h e  

p r e s e n c e  o f  a l l  e x p e c t e d  e l e m e n t s ,  n a m e l y  n i t r o g e n  a n d  c a r b o n .  T h e  c a l c u l a t e d  r a t i o s  

r o s e  f o r  a l l  a m i n o l y z e d  s a m p l e s  r e s p e c t  to  t h e  n o n - a m i n o l y z e d  c o n t r o l s .  A s  s h o w e d
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i n  T a b l e  4 .2 ,  t h e  N i s / C i s  r a t i o  i n c r e a s e d  w i t h  i n c r e a s i n g  a m i n o l y z i n g  t i m e  to  r e a c h  a  

m a x i m u m  v a l u e  w i t h  a t  a b o u t  3 h . A f t e r  a m i n o l y s i s  r e a c t i o n ,  t h e  N i s /C i s  r a t i o  

r e a c h e d  to  0 .0 0 6 9  b e c a u s e  a m i n e  g r o u p s  f r o m  H M D  w e r e  i n t r o d u c e d  o n  t h e  s u r f a c e .  

A s  s h o w e d  in  T a b l e  4 .3 ,  t h e  N i s / C i s  r a t i o  r e a c h e d  to  0 .0 0 9 4  b y  r e a c t i o n  w i t h  D S C .  I t  

s h o w s  t h a t  t h e  n i t r o g e n  c o n c e n t r a t i o n  i n c r e a s e d  w h e n  s u c c i n i m i d y l  e s t e r s  w a s  

f o r m e d .  F i n a l ly ,  t h e  N i s /C i s  r a t i o s  o b v i o u s l y  i n c r e a s e  a f t e r  B S A  i m m o b i l i z a t i o n  d u e  

t o  t h e  l a r g e  a m o u n t  o f  n i t r o g e n  a t o m  i n  b i o m o l e c u l a r  s t r u c t u r e  w a s  a d d i t i o n a l l y  

i n t r o d u c e d .

Table 4.2 N i s / C i s  r a t i o s  a s  a  f u n c t i o n  o f  a m i n o l y z i n g  t i m e

A m i n o l y z i n g  t i m e  ( m in ) N i s / C i s  r a t i o

0 0 .0 0 0 0

10 0 .0 0 2 2

3 0 0 .0 0 4 0

6 0 0 .0 0 5 1

1 2 0 0 .0 0 6 5

1 8 0 0 .0 0 6 9

T h e  a m i n o l y s i s  r e a c t i o n  t o o k  p l a c e  in  0 .2  g /m l  s o lu t io n .

Table 4.3 N i s / C i s  r a t i o s  o f  t h e  u n m o d i f i e d  a n d  m o d i f i e d  P C L  f i b r o u s  s c a f f o l d s

S a m p l e N i s / C i s  r a t i o

U n m o d i f i e d  P C L 0 .0 0 0 0

A m i n o l y z e d  P C L a 0 .0 0 6 5

A c t i v a t e d  P C L b 0 .0 0 9 4

B S A  I m m o b i l i z e d  P C L c 0 .0 1 7 9

aT h e  P C L  e - s p u n  f i b e r  m a t s  w e r e  i m m e r s e d  in  0 .2  g /m l  H M D / I P A  s o l u t i o n  f o r  2  h . 
bT h e  a m i n o l y z e d  P C L  f i b e r  m a t s  w e r e  i m m e r s e d  in  0 .1  M  D S C  s o l u t i o n  f o r  1 h . 
cT h e  a c t i v a t e d  P C L  f i b e r  m a t s  w e r e  i m m e r s e d  i n  B S A  s o l u t i o n  3 .0  m g / m l  f o r  2 4  h .
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4 .2 .4  P r o t e i n  A d s o r p t i o n  T e s t

T h e  a m o u n t  o f  p r o t e i n  a d s o r b e d  o n  t h e  s u r f a c e  P C L  f i b r o u s  s c a f f o l d s  

w e r e  d e t e r m i n e d  b a s e d  o n  b i c i n c h o n i n i c  a c i d  m e t h o d  b y  B C A  p r o t e i n  a s s a y  k i t  a n d  

c a l c u l a t e d  a g a i n s t  t h e  s t a n d a r d  c u r v e .  F i g u r e  4 .4  s h o w e d  t h e  e f f e c t  o f  s u r f a c e  

m o d i f i c a t i o n  to  p r o t e i n  a d s o r p t i o n .  T h e  n e a t  a n d  a c t i v a t e d  P C L  f i b r o u s  s c a f f o l d s  

h a v e  m o r e  a b i l i t y  to  a d s o r b  B S A  p r o t e i n  t h a n  a m i n o l y z e d  P C L  f i b e r  m a t s .  D u e  to  th e  

a b i l i t y  t o  r e a r r a n g e  i t s e l f  o f  B S A  p r o t e i n ,  i t  c a n  f o r m  h y d r o p h o b i c  b o n d i n g  w i th  

h y d r o p h o b i c  s u r f a c e  b e t t e r  t h a n  t h a t  o f  h y d r o p h i l i c  o n e s .  H y d r o p h o b i c i t y  o f  t h e  

a m i n o l y z e d  P C L  f i b e r  m a t s  l e a d  to  t h e  s m a l l  a m o u n t  o f  B S A  p r o t e i n  w h i c h  a d s o r b e d  

o n  t h e  s u r f a c e  o f  a m i n o l y z e d  P C L  f i b e r  m a t s .  A s  a b o v e - m e n t i o n e d ,  it  c a n  b e  

c o n c l u d e d  t h a t  t h e  a m o u n t  o f  p r o t e i n  a d s o r b e d  d r a m a t i c a l l y  i n c r e a s e d  a t  t h e  in i t i a l  

s t a g e .  T h e n  i t  t e n d e d  to  s l i g h t l y  i n c r e a s e d  a s  a  f u n c t i o n  o f  p r o t e i n  c o n c e n t r a t i o n .  

T h u s ,  t h e  p r o p e r  v a l u e  o f  p r o t e i n  c o n c e n t r a t i o n  a t  3 0 0 0  p g / m l  h a s  b e e n  c h o s e n  f o r  

f u r t h e r  a n a l y s i s  d u e  t o  t h e  m o s t  a s s i s t a n c e  o f  c a p a b i l i t y  o f  p r o t e i n  a d s o r p t i o n .
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Figure 4.4 T h e  a d s o r p t i o n  i s o t h e r m  o f  t h e  a d s o r b e d  b o v i n e  s e r u m  a l b u m i n  o n  th e  

n e a t  a n d  m o d i f i e d  P C L  f i b r o u s  s c a f f o l d s  ( d i a m e t e r  = 1 .5  c m ) .
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4 .2 .5  M e c h a n i c a l  P r o p e r t i e s

T h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  e l o n g a t i o n  a t  b r e a k  a n d  Y o u n g ’s 

m o d u l u s  a r e  d e t e r m i n e d  b y  a  u n i v e r s a l  t e s t i n g  m a c h i n e .  S a m p l e s  w i t h  d i f f e r e n t  

a m i n o l y z i n g  t i m e  w e r e  e v a l u a t e d .  T a b l e  4 .4  g iv e s  t h e  d a t a  o b t a i n e d .

T a b l e  4 .4  M e c h a n i c a l  p r o p e r t i e s  o f  a m i n o l y z e d  P C L  f i b r o u s  s c a f f o l d s  p r e p a r e d  a t  

d i f f e r e n t  t i m e

A m i n o l y z i n g  T i m e U l t i m a t e  T e n s i l e E l o n g a t i o n  a t Y o u n g ’ s M o d u l u s

( m i n ) S t r e n g t h  ( M P a ) B r e a k  ( % ) ( M P a )

0 2 .2 0 5  ±  0 .0 7 3 3 2 3 .1 3 5  ±  1 3 .9 6 0 4 .7 1 5  ±  0 .1 0 7

1 0 2 .0 8 2  ±  0 .2 3 9 3 1 7 .8 1 2  ±  2 1 .3 0 3 4 .7 0 1  ± 0 . 2 4 6

3 0 2 .1 0 1  ± 0 . 1 5 2 3 1 7 .9 7 0  ±  1 9 .3 0 6 4 .6 7 6  ± 0 . 4 6 9

6 0 1 .9 9 5  ± 0 . 1 5 1 3 1 6 .8 5 8  ±  1 6 .7 0 2 4 .6 5 0  ± 0 . 1 7 5

1 2 0 1 .9 9 0  ± 0 . 1 5 7 3 1 6 .7 6 9  ±  1 3 .6 7 5 4 .6 1 2  ± 0 . 3 4 3

1 8 0 1 .9 8 2  ± 0 . 2 4 9 3 1 0 .1 0 1  ±  1 0 .5 7 0 4 .6 0 4  ± 0 . 2 1 0

T h e  v a l u e s  a r e  t h e  a v e r a g e  o f  5 t e s t s  p e r f o r m e d  o n  e a c h  s p e c i m e n .  S t a t i s t i c a l  

s ig n i f i c a n c e :  *p < 0 .0 5  c o m p a r e d  w i th  n e a t  P C L  f i b e r  m a t s  ( 0  m i n )  a t  a n y  g i v e n  t i m e  

p o in t .

A l t h o u g h  t h e  a m i n o l y s i s  r e a c t i o n  c a u s e d  t h e  p o l y m e r  c h a i n  to  b r e a k ,  

T a b l e  4 .4  i l l u s t r a t e s  t h a t  t h e r e  is  n o  s i g n i f i c a n t  c h a n g e  o f  c a l c u l a t i o n  o n  u l t i m a t e  

t e n s i l e  s t r e n g t h ,  e l o n g a t i o n  a t  b r e a k  a n d  Y o u n g ’s  m o d u l u s  o f  t h e  f i b e r  m a t s  p r o b a b l y  

b e c a u s e  t h e  i n d i v i d u a l  f i b e r  d i a m e t e r s  o f  s a m p l e s  w e r e  l a r g e  i n  t h i s  l e v e l  o f  H M D  

c o n c e n t r a t i o n .  T h u s ,  t h e  a m i n o l y z i n g  t i m e  w a s  n o t  t h e  m a i n  f a c t o r  t h a t  c o u ld  c h a n g e  

th e  m e c h a n i c a l  p r o p e r t i e s  o f  P C L  f i b r o u s  s c a f f o l d s  i n  t h i s  c a s e .  H o w e v e r ,  t h e  f i b r o u s  

s c a f f o l d s  w i t h  2  h . o f  a m i n o l y s i s  w e r e  s e l e c t e d  to  d o  f u r t h e r  e x p e r i m e n t s  f o r  

c o m p a r i n g  t h e  r e s u l t s  t o  p r e v i o u s  w o r k .
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4.3 Degradation Study

In degradation study, the disc shapes o f the fibrous scaffolds had been 
immersed in the 0.1 M PBS pH 7.4 containing with and without the enzyme lipase 
from Pseudomonas sp. at 37 °c  for 30 days. The buffer solution was replaced every 
84 h. so the enzyme activities were maintained at a desired level throughout the 
experiment.

4.3.1 Surface Analysis o f PCL fibrous scaffolds
Morphological changes o f the fibrous scaffolds after degrading in 

lipase/PBS solution for 30 days were observed by SEM, as showed in Table 4.4. The 
structure o f fibrous scaffolds continue destroyed since day 5 o f degradation until the 
end o f the experiment while the degradation mode o f these fiber mats were slight 
difference. In the first 5 days o f degradation, all electrospun fibers seemed to be 
breaking down due to the influence o f enzymatic degradation because the fiber 
diameter still being the same except the breakage that taking place throughout the 
surface. By 15 days o f degradation, the neat and activated PCL fibers showed slight 
swelling, the diameter o f those fibers were greater than that o f BSA-immobilized 
ones. The activated fibers seemed to be partially melted, and then adhered to one 
another because the degradable temperature that be used (37°C) was closed to the 
crystalline point of polycaprolactone (33-36°C) so it was possible to fused and 
rearrange itself to form the new crystal. By 30 days o f degradation, the neat and 
activated PCL fibers mats tended to be film, the pore structure seemed to be 
disappeared. Lor BSA-immobilized fibers, the fracture o f fibers became worse. The 
fibers start breaking into the smaller ones without swelling. A great number of the 
broken ends and the small holes were noticed as well as the surface o f the fibers 
became rougher, this indicated that the superficial erosion was taking place. (Ana et 
al., 2008). Moreover, the BSA-immobilized fiber mats became fragile and brittle as a 
function o f degradation time. The breakage o f BSA-immobilized fibers can be 
clarified in terms of the rigidity o f crystalline regions. The bulky groups o f protein 
made the polymer chains be difficult to move resulting in rigidity o f polymer chain.
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As soon as there was a weak point on the surface o f fibers, they tended to be easily 
broken and the broken ends were more sensitive to hydrolytic attack on account of 
vulnerability to degradation medium over a period o f degradation time. As showed in 
the Table 4.4, the degradation rate o f the neat and activated fibrous scaffolds tended 
to be higher than that o f the BSA-immobilized fibrous scaffolds probably because 
the lipase was easier to react with ester bonds o f uncoated protein fibers than that of 
coated protein ones.

T a b le  4.5 SEM analysis of degraded electrospun fibrous scaffolds in lipase/PBS 
solution for 0, 5, 15, 30 days (magnification = 2000x; scale bar = 20pm)

Degradation
time

(days)

Magnification = 2000x; scale bar 20 pm.
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4.3.2 Weight Remaining After Degradation
Figure 4.5a shows the mass loss as a function o f  degradation time in 

the absence o f the enzyme lipase. The mass loss for all o f samples did not show the 
change o f weight until the end o f 30 days, whereas the mass loss in the presence of 
enzyme lipase as showed in Figure 4.5b shows that in first 15 days o f degradation the 
weight loss o f all samples were obviously increased, after that the rate o f mass loss 
was level off till the end of degradation time for neat and activated fiber mats 
probably because the surface area o f samples was decrease as evidenced by SEM 
morphology that resulting in decreasing o f the lipase that can attack the samples. In 
case o f BSA-immobilized fibers, the weight loss seemed to be linearly increased as a 
function o f degradation time due to the ability o f BSA in stabilized the enzyme 
activity and the surface area o f samples reduced systematically.
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Figure 4.5 D e g ra d a tio n  p ro file  o f  th e  sca ffo ld s  a fte r  30 d ay s  d e g ra d a tio n  in  0.1 M
PB S c o n ta in in g  (a) w ith o u t lipase , (b ) w ith  lipase . a ,b  is s ig n ific a n tly  d iffe ren t at
p  <  0 .05  fo r o n e  w ay  A N O V A  w ith  D u n n e tt T3.
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4.3.3 Thermal Properties
Thermal properties o f the porous scaffolds were investigated by a 

Mettler Toledo differential scanning calorimeter (DSC). Each cycle in DSC included 
3 steps o f HEAT1, COOL and HEAT2. The objective o f first heating run (HEAT1) 
is to observe the melting behavior o f the original crystalline entity o f the sample, 
cooling (COOL) is to observe the ability o f the sample to crystallize when it was 
subjected to a constant cooling scan and second heating (HEAT2) is to observe the 
melting behavior of the crystalline entity o f the sample which was formed during the 
cooling scan.

Table 4.6 Thermal characteristics and apparent crystallinity o f PCL fibrous 
scaffolds after degradation study

Neat Activated BSA-
immobilized

Day 0 Tm,0 (°C) 60.61 60.59 61.00
Xc(%) 43.51 43.50 43.79

Day 5 Tm,0 (°C) 60.66 60.12 60.98
Xc (%) 43.54 43.16 43.78

Day 10 Tm,0 (°C) 60.74 60.94 62.76
(%) 43.60 43.75 45.05

Day 15 Tm,0 (°C) 61.14 60.31 60.74
Xc (%) 43.89 43.30 43.60

Day 20 Tm,0 (°C) 59.13 58.13 59.56
x c (%) 42.44 41.73 42.76

Day 30 Tm,0 (°C) 59.74 59.34 58.85
Xc (%) 42.89 42.60 42.25
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Table 4.6 illustrates the thermal properties o f PCL fibrous scaffolds 
after degradation study. Since the degradation experiment acted as the desired 
condition that means these samples were crystallized under the same condition so the 
first heating scan was particularly observed.

Analysis o f the first heat cycle for all samples during the study was 
quiet similar in both melting temperature (Fig. 4.6) and crystallinity (Table 4.6). The 
non-dependence on crystallinity indicates that degradation occurred in both phases, 
amorphous and crystalline, at the same time.

30 60 90 30 60 90 30 60 90
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 4.6 DSC traces o f the first heat cycle showing the variation in melting point 
(°C) and Enthalpy o f fusion for samples o f ; (a) neat PCL (b) aminolyzed PCL and 
(c) BSA-immobilized PCL fibrous scaffolds over time.
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4.3.4 pH Measurements
pH changes o f the aqueous buffer (Figure 4.7) over degradation time 

were determined for all the tested samples in order to verify the release o f the acidic 
oligomers from the PCL fibrous scaffolds. In first 15 days, the pH values fluctuated 
in narrow range then greatly decreased until the end o f degradation. During all the 
incubation time (30 days), the pH of the degradation buffer for all type o f fiber mats 
tended to decreased lower than the initial pH (7.4). The pH reduction observed may 
be due to the dissolution of acidic oligomers, formed during the decomposition of 
fiber mats, in the degradation buffer.

Figure 4.7 pH values o f the degradation buffer during the degradation o f the PCL 
fibrous scaffolds.
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4.4 Biological Characterizations

4.4.1 Cytotoxicity
The potential used for these fiber mats as bone scaffolds was first 

assessed by an indirect cytotoxicity evaluation with mouse calvaria-derived pre- 
osteoblastic cells (MC3T3-E1), based on the initial 40,000 cells/cm2 of cells seeded. 
Indiect cytotoxicity test was conducted on neat, aminolyzed, activated, BSA- 
immobilized PCL fibrous scaffolds. Figure 4.8 shows %viability obtained from MTT 
assay o f MC3T3-E1 which were cultured with the 1,3,7 day-extraction media in 
comparison with those cultured with SFM (i.e. control).

150

L
|:
0s 0

Figure 4.8 Indirect cytotoxic evaluation o f neat, aminolyzed, activated, BSA 
immobilized PCL fibrous scaffolds based on viability o f pre-osteoblast (MC3T3-E1) 
that had been cultured with the respective culture media for 1 d as a function o f the 
incubation time of the extraction and the culture media o f 1,3,7 d. Statistical 
significance: p  < 0.05 compared with control and Hp<  0.05 compared to the neat 
PCL fibrous scaffolds at any given time point.

1 day 3 day
Immersion Time

7 day
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The viability of the cells that had been cultured with SFM at any given 
time point was taken as the basis to arrive at the relative viability showed in the 
Figure 4.8. Apparently, the viability o f MC3T3-E1 for all types o f modified PCL 
fibrous scaffolds exhibited slightly lower but not less than 80% compared to that of 
the control (100%), meaning that none o f the toxic substances was released from 
both modified and unmodified PCL fibrous that harmful to cells.
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