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V IT A M IN -L O A D E D  E L E C T R O SPU N  C E L L U L O SE  A C E T A T E  
N A N O F IB E R  M A T S A S T R A N SD E R M A L  A N D  D E R M A L  T H E R A P E U T IC  

A G E N T S O F V IT A M IN  A  A C ID  A N D  V IT A M IN  E

6.1 A bstract

T h e  p r e s e n t  c o n t r i b u t i o n  r e p o r t s  t h e  u s e  o f  m a t s  o f  e l e c t r o s p u n  c e l l u l o s e  
a c e t a t e  ( C A ;  a c e t y l  c o n t e n t  =  3 9 . 8 % ;  M w  =  3 0  0 0 0  D a )  n a n o f i b e r s  a s  c a r r i e r s  f o r  
d e l i v e r y  o f  t h e  m o d e l  v i t a m i n s ,  a l l - t r a n s  r e t i n o i c  a c i d  o r  v i t a m i n  A  a c i d  ( R e t i n - A )  
a n d  a - t o c o p h e r o l  o r  v i t a m i n  E  ( V i t - E ) .  T h e  a m o u n t s  o f  V i t - E  a n d  R e t i n - A  l o a d e d  i n  
t h e  b a s e  C A  s o l u t i o n  [ 1 7 %  w / v  i n  2 : 1  v / v  a c e t o n e / A ^ V - d i m e t h y l a c e t a m i d e  ( D M A c ) ]  
w e r e  5  a n d  0 . 5  w t . %  ( b a s e d  o n  t h e  w e i g h t  o f  C A ) ,  r e s p e c t i v e l y .  C r o s s - s e c t i o n a l l y  
r o u n d  a n d  s m o o t h  f i b e r s  w e r e  o b t a i n e d .  T h e  a v e r a g e  d i a m e t e r s  o f  t h e s e  f i b e r s  
r a n g e d  b e t w e e n  2 4 7  a n d  2 6 5  n m .  T h e  t o t a l  i m m e r s i o n  o f  t h e  v i t a m i n - l o a d e d  a s - s p u n  
C A  f i b e r  m a t s  i n  t h e  a c e t a t e  b u f f e r  s o l u t i o n s  c o n t a i n i n g  e i t h e r  0 . 5  v o l . %  T w e e n  8 0  o r  
0 . 5  v o l . %  T w e e n  8 0  a n d  1 0  v o l . %  m e t h a n o l  w a s  u s e d  t o  a r r i v e  a t  t h e  c u m u l a t i v e  
r e l e a s e  o f  t h e  v i t a m i n s  f r o m  t h e  f i b e r  m a t  s a m p l e s .  T h e  s a m e  w a s  a l s o  c o n d u c t e d  o n  
t h e  v i t a m i n - l o a d e d  s o l u t i o n - c a s t  C A  f i l m s  f o r  c o m p a r i s o n .  I n  m o s t  c a s e s ,  t h e  
v i t a m i n - l o a d e d  a s - s p u n  f i b e r  m a t s  e x h i b i t e d  a  g r a d u a l  a n d  m o n o t o n o u s  i n c r e a s e  i n  
t h e  c u m u l a t i v e  r e l e a s e  o f  t h e  v i t a m i n s  o v e r  t h e  t e s t  p e r i o d s  ( i . e . ,  2 4  h  f o r  V i t - E -  
l o a d e d  s a m p l e s  a n d  6  h  f o r  R e t i n - A - l o a d e d  o n e s ) ,  w h i l e  t h e  c o r r e s p o n d i n g  a s - c a s t  
f i l m s  e x h i b i t e d  a  b u r s t  r e l e a s e  o f  t h e  v i t a m i n s .

(K ey-w ords: e l e c t r o s p i n n i n g ;  n a n o f i b e r s ;  c e l l u l o s e  a c e t a t e ;  t r a n s d e r m a l  d r u g  
d e l i v e r y ;  d e r m a l  d r u g  d e l i v e r y )
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6.2 Introduction

E l e c t r o s p i n n i n g  i s  a n  i n t e r e s t i n g  p r o c e s s  f o r  f a b r i c a t i n g  u l t r a f i n e  f i b e r s  w i t h  
a v e r a g e  d i a m e t e r s  i n  s u b - m i c r o m e t e r  d o w n  t o  n a n o m e t e r  r a n g e .  I n  t h i s  p r o c e s s ,  a  
c o n t i n u o u s  s t r a n d  o f  a  p o l y m e r  l i q u i d  ( i . e . ,  s o l u t i o n  o r  m e l t )  w a s  d r a w n  t h r o u g h  a  
s p i n n e r e t  b y  a  h i g h  e l e c t r o s t a t i c  f o r c e  t o  d e p o s i t  r a n d o m l y  o n  a  g r o u n d e d  c o l l e c t o r  a s  
a  n o n - w o v e n  m a t .  T h e s e  f i b e r s  e x h i b i t  s e v e r a l  i n t e r e s t i n g  c h a r a c t e r i s t i c s ,  f o r  
e x a m p l e s ,  a  h i g h  s u r f a c e  a r e a  t o  m a s s  o r  v o l u m e  r a t i o ,  a  s m a l l  i n t e r - f i b r o u s  p o r e  s i z e  
w i t h  h i g h  p o r o s i t y ,  v a s t  p o s s i b i l i t i e s  f o r  s u r f a c e  f u n c t i o n a l i z a t i o n ,  e t c .  ( D o s h i ,  1 9 9 5 ;  
D e i t z e l ,  2 0 0 1 ) .  T h e s e  a d v a n t a g e s  r e n d e r  e l e c t r o s p u n  p o l y m e r i c  f i b e r s  g o o d  
c a n d i d a t e s  f o r  a  w i d e  v a r i e t y  o f  a p p l i c a t i o n s ,  i n c l u d i n g  f i l t e r s  ( G i b s o n ,  1 9 9 9 ) ,  
c o m p o s i t e  r e i n f o r c e m e n t s  ( B e r g s h o e f ,  1 9 9 9 ;  K i m ,  1 9 9 9 ) ,  d r u g  c a r r i e r s  ( K e n a w y ,  
2 0 0 2 ;  Z o n g ,  2 0 0 2 ;  Z e n g ,  2 0 0 5 ,  T a e p a i b o o n ,  2 0 0 6 ;  I g n a t i o u s ,  2 0 0 6 ) ,  a n d  t i s s u e -  
e n g i n e e r e d  s c a f f o l d s  ( W u t t i c h a r o e n m o n g k o l ,  2 0 0 6 ;  Y u a n ,  2 0 0 6 ;  M e e c h a i s u e ,  2 0 0 6 ) .  
A d d i t i o n a l l y ,  a  m e t h o d  f o r  p r e p a r i n g  t w i s t e d  u l t r a - f i n e  f i b e r  f r o m  e l e c t r o s p u n  f i b e r  
m a t  h a s  r e c e n t l y  b e e n  i n t r o d u c e d  ( L i ,  2 0 0 3 ) .

C e l l u l o s e  a c e t a t e  ( C A )  i s  t h e  a c e t a t e  e s t e r  o f  c e l l u l o s e ,  t h e  p r i m a r y  
s t r u c t u r a l  c o m p o n e n t  o f  t h e  c e l l  w a l l  o f  g r e e n  p l a n t s  a n d  i s  o n e  o f  t h e  m o s t  c o m m o n  
b i o p o l y m e r s  o n  e a r t h  ( A n o n y m o u s ,  2 0 0 6 ) .  C A  h a s  b e e n  f a b r i c a t e d  a s  s e m i -  
p e r m e a b l e  m e m b r a n e s  f o r  s e p a r a t i o n  p r o c e s s e s  a n d  f i b e r s  a n d  f i l m s  f o r  b i o m e d i c a l  
a p p l i c a t i o n s .  E l e c t r o s p i n n i n g  o f  5  a n d  8  w t . %  C A  s o l u t i o n s  i n  a c e t o n e  p r o d u c e d  
s h o r t  a n d  b e a d e d  f i b e r s  w i t h  d i a m e t e r s  b e i n g  ~ 1  p m  ( J a e g e r ,  1 9 9 8 ) .  A n
i m p r o v e m e n t  i n  t h e  e l e c t r o s p i n n i n g  o f  C A  w a s  a c h i e v e d  w h e n  2 : 1  v / v  
a c e t o n e / d i m e t h y l a c e t a m i d e  ( D M A c )  w a s  u s e d  a s  t h e  s o l v e n t  s y s t e m  ( L i u ,  2 0 0 2 ) .  
T h i s  m i x t u r e  a l l o w e d  t h e  r e s u l t i n g  1 2 . 5 - 2 0  w t . %  C A  s o l u t i o n s  t o  b e  c o n t i n u o u s l y  
s p u n  i n t o  f i b e r s  w i t h  d i a m e t e r s  r a n g i n g  b e t w e e n  ~ 1 0 0  n m  a n d  ~ 1  p m .  C A  s o l u t i o n s  
i n  a  m i x t u r e  o f  a c e t o n e / w a t e r  w i t h  t h e  w a t e r  c o n t e n t  i n  t h e  r a n g e  o f  1 0 - 1 5  w t . %  
c o u l d  a l s o  b e  s p u n  i n t o  u l t r a f i n e  f i b e r s  ( S o n ,  2 0 0 4 ) .  F u r t h e r m o r e ,  e l e c t r o s p i n n i n g  o f  
a  C A  s o l u t i o n  i n  a c e t o n e / w a t e r  i n  a n  a c i d i c  c o n d i t i o n  p r o d u c e d  l a r g e r  f i b e r s ,  w h i l e  
t h a t  o f  t h e  s o l u t i o n  i n  a  b a s i c  c o n d i t i o n  p r o d u c e d  m u c h  f i n e r  o n e s  ( S o n ,  2 0 0 4 ) .  I n  
a d d i t i o n ,  3 : 1 : 1  v / v / v  a c e t o n e / d i m e t h y l f o r m a m i d e  ( D M F ) / t r i f l u o r o e t h y l e n e  ( T F E )
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c o u l d  b e  u s e d  t o  p r e p a r e  a  C A  s o l u t i o n  t h a t  r e s u l t e d  i n  t h e  e l e c t r o s p u n  f i b e r s  w i t h  
d i a m e t e r s  r a n g i n g  f r o m  - 2 0 0  n m  t o  - 1  p m  ( M a ,  2 0 0 5 ) .

S o  f a r ,  e l e c t r o s p u n  C A  f i b e r  m a t s  h a v e  b e e n  e x p l o r e d  a s  a f f i n i t y  ( M a ,  2 0 0 5 )  
a n d  a n t i m i c r o b i a l  ( S o n ,  2 0 0 4 ;  S o n ,  2 0 0 6 )  m e m b r a n e s .  T h e  a f f i n i t y  C A  f i b r o u s  
m e m b r a n e s  ( M a ,  2 0 0 5 )  w e r e  p r e p a r e d  f r o m  0 . 1 6  g  m l ' 1 C A  ( a c e t y l  c o n t e n t  =  4 0 % ;  
M v  =  2 9  0 0 0  D a )  s o l u t i o n  i n  3 : 1 : 1  v / v / v  a c e t o n e / D M F / T F E  b y  e l e c t r o s p i n n i n g  
( a p p l i e d  e l e c t r i c a l  p o t e n t i a l  =  2 5  k V ;  c o l l e c t i o n  d i s t a n c e  =  1 5  c m ;  p o l a r i t y  o f  
e m i t t i n g  e l e c t r o d e  =  p o s i t i v e ;  s o l u t i o n  f l o w  r a t e  =  4  m l  h ' 1) .  T h e  m e m b r a n e s  w e r e  
h e a t - t r e a t e d  a t  2 0 8 ° c  f o r  1 h  a n d  l a t e r  t r e a t e d  w i t h  0 . 1 M  N a O H  s o l u t i o n  i n  4 : 1  v / v  
w a t e r / e t h a n o l  f o r  2 4  h  t o  o b t a i n  r e g e n e r a t e d  c e l l u l o s e  ( R C )  m e m b r a n e s .  C i b a c r o n  
B l u e  F 3 G A ,  a  s u l f o n a t e d  t r i a z i n e  d y e ,  w a s  t h e n  c o v a l e n t l y  c o u p l e d  o n t o  t h e  s u r f a c e  
o f  R C  m e m b r a n e s .  T h e  c a p t u r e  c a p a c i t y  o f  t h e  m e m b r a n e s  f o r  b o v i n e  s e r u m  
a l b u m i n  ( B S A )  w a s  r e p o r t e d  t o  b e  1 3  m g  g ' 1 . O n  t h e  o t h e r  h a n d ,  t h e  a n t i m i c r o b i a l  
C A  f i b r o u s  m e m b r a n e s  ( S o n ,  2 0 0 4 ;  S o n ,  2 0 0 6 )  w e r e  p r e p a r e d  f r o m  1 0  w t . %  C A  
( a c e t y l  c o n t e n t  =  3 9 . 8 % ;  M w  =  3 0  0 0 0  D a )  s o l u t i o n  i n  8 0 : 2 0  พ / พ  a c e t o n e / w a t e r  
c o n t a i n i n g  A g N C >3 i n  t h e  a m o u n t  o f  0 . 0 1 - 0 . 5 %  ( b a s e d  o n  t h e  w e i g h t  o f  C A )  b y  
e l e c t r o s p i n n i n g  ( a p p l i e d  e l e c t r i c a l  p o t e n t i a l  =  1 7  k V ;  c o l l e c t i o n  d i s t a n c e  =  1 0  c m ;  
p o l a r i t y  o f  e m i t t i n g  e l e c t r o d e  =  p o s i t i v e ;  s o l u t i o n  f l o w  r a t e  =  3  m l  h ' 1) .  A g +  i o n s  
w e r e  p h o t o - r e d u c e d  i n t o  A g  n a n o p a r t i c l e s ,  a n  a c t i v e  a n t i m i c r o b i a l  a g e n t ,  b y  
i r r a d i a t i n g  t h e  a s - s p u n  f i b e r s  ( a v e r a g e  d i a m e t e r s  =  6 1 0 - 1 9 1 0  n m )  w i t h  u v  l i g h t  ( t h e  
m a x i m u m  w a v e l e n g t h  =  2 4 5  o r  3 6 5  n m )  t h a t  r e s u l t e d  i n  t h e  A g  n a n o p a r t i c l e s  w i t h  
t h e  a v e r a g e  d i a m e t e r s  r a n g i n g  b e t w e e n  3  a n d  2 1  n m .

A s  m e n t i o n e d ,  m a n y  o f  t h e  e l e c t r o s p u n  p o l y m e r i c  f i b e r  m a t s  h a v e  b e e n  
d e v e l o p e d  a s  c a r r i e r s  f o r  d e l i v e r y  o f  d r u g s  ( K e n a w y ,  2 0 0 2 ;  Z o n g ,  2 0 0 2 ;  Z e n g ,  2 0 0 5 ,  
T a e p a i b o o n ,  2 0 0 6 ;  I g n a t i o u s ,  2 0 0 6 ) .  R e c e n t l y ,  w e  r e p o r t e d  t h e  p r e p a r a t i o n  o f  
p o l y ( v i n y l  a l c o h o l )  ( P V A ;  d e g r e e  o f  p o l y m e r i z a t i o n  «  1  6 0 0 ;  d e g r e e  o f  h y d r o l y s i s  =  
9 7 . 5 - 9 9 . 5 % )  n a n o f i b e r  m a t s  c o n t a i n i n g  f o u r  d i f f e r e n t  t y p e s  o f  m o d e l  d r u g s  ( i . e . ,  
s o d i u m  s a l i c y l a t e ,  d i c l o f e n a c  s o d i u m ,  n a p r o x e n ,  a n d  i n d o m e t h a c i n )  b y  
e l e c t r o s p i n n i n g  ( a p p l i e d  e l e c t r i c a l  p o t e n t i a l  =  1 5  k V ;  c o l l e c t i o n  d i s t a n c e  =  1 5  c m ;  
p o l a r i t y  o f  e m i t t i n g  e l e c t r o d e  =  p o s i t i v e ;  s o l u t i o n  f l o w  r a t e  =  1  m l  h ' 1 )  ( T a e p a i b o o n ,
2 0 0 6 ) .  T h e  r e l e a s e  c h a r a c t e r i s t i c s  o f  t h e  d r u g s  f r o m  t h e  d r u g - l o a d e d  f i b e r  m a t s  w e r e
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c o m p a r e d  t o  t h o s e  o f  t h e  c o r r e s p o n d i n g  s o l u t i o n - c a s t  f i l m s  a n d  t h e  r e s u l t s  i n d i c a t e d  
t h a t  t h e  d r u g - l o a d e d  a s - s p u n  f i b e r  m a t s  s h o w e d  m u c h  b e t t e r  r e l e a s e  c h a r a c t e r i s t i c s  o f  
t h e  m o d e l  d r u g s  t h a n  t h e  d r u g - l o a d e d  a s - c a s t  f i l m s .  C A  i n  t h e  f o r m  o f  s o l u t i o n - c a s t  
m e m b r a n e s  h a s  b e e n  e x p l o r e d  a s  c a r r i e r s  f o r  t r a n s d e r m a l  d e l i v e r y  o f  s c o p o l a m i n e  
b a s e  ( W a n g ,  2 0 0 2 ) ,  w h i c h  i s  s t r u c t u r a l l y  s i m i l a r  t o  t h e  n e u r o t r a n s m i t t e r  a c e t y l c h o l i n e  
a n d  a c t s  b y  b l o c k i n g  t h e  m u s c a r i n i c  a c e t y l c h o l i n e  r e c e p t o r s  ( A n o n y m o u s ,  2 0 0 6 ) ,  b u t  
n o  k n o w n  r e p o r t s  r e l a t e d  t o  t h e  u s e  o f  C A  i n  t h e  f o r m  o f  e l e c t r o s p u n  f i b e r  m a t s  a s  
c a r r i e r s  f o r  d e l i v e r y  o f  d r u g s  o r  o t h e r  r e l a t e d  s u b s t a n c e s  h a v e  y e t  b e e n  a v a i l a b l e  i n  
t h e  o p e n  l i t e r a t u r e ,

I t  i s  o f  o u r  i n t e r e s t  t o  d e v e l o p  m a t s  o f  e l e c t r o s p u n  C A  n a n o f i b e r s  a s  c a r r i e r s  
f o r  d e l i v e r y  o f  s o m e  v i t a m i n s  t o  t h e  s k i n .  U s u a l l y ,  v i t a m i n s  a r e  a p p l i e d  t o  t h e  s k i n  i n  
t h e  f o r m  o f  t o p i c a l  c r e a m s ,  l o t i o n s ,  o r  o i n t m e n t s .  H e r e ,  v i t a m i n  E  o r  a - t o c o p h e r o l  
( V i t - E ;  s e e  F i g u r e  6 . 1 )  a n d  a l l - t r a n s  r e t i n o i c  a c i d  o r  v i t a m i n  A  a c i d  ( R e t i n - A ;  s e e  
F i g u r e  6 . 1 ) ,  a  v i t a m i n  A  o r  r e t i n o l  d e r i v a t i v e ,  w e r e  s e l e c t e d  a s  t h e  m o d e l  v i t a m i n s ,  
d u e  t o  t h e i r  b e n e f i t s  i n  c o s m e t i c s .  R e t i n - A ,  a  n a t u r a l l y - o c c u r r i n g  d e r i v a t i v e  o f  
v i t a m i n  A ,  i s  a  l i p i d - s o l u b l e  s u b s t a n c e ,  k n o w n  t o  b e  u s e d  f o r  t h e  t r e a t m e n t  o f  a c u t e  
p r o m y e l o c y t i c  l e u k e m i a ,  a c n e ,  a n d  o t h e r  s k i n  d i s o r d e r s ,  a n d  i t  i s  b e l i e v e d  t o  h e l p  
s l o w  s k i n  a g i n g ,  r e m o v e  w r i n k l e s ,  o r  r e d u c e  h y p e r - p i g m e n t a t i o n  d u e  t o  p h o t o - a g i n g  
( A n o n y m o u s ,  2 0 0 6 ;  C h o ,  2 0 0 5 ) .  V i t - E ,  a l s o  a  l i p i d - s o l u b l e  v i t a m i n ,  i s  k n o w n  f o r  i t s  
p o t e n t  a n t i o x i d a n t  a b i l i t y ,  o w i n g  t o  t h e  p r e s e n c e  o f  a  h y d r o x y l  g r o u p  o n  i t s  
c h r o m a n o l  r i n g  w h i c h  c a n  r e a d i l y  d o n a t e  a  p r o t o n  t o  r e d u c e  f r e e  r a d i c a l s  ( v i z .  f r e e  
r a d i c a l s  c a n  c a u s e  c e l l  d a m a g e  t h a t  m a y  c o n t r i b u t e  t o  t h e  d e v e l o p m e n t  o f  
c a r d i o v a s c u l a r  d i s e a s e  a n d  c a n c e r )  ( A n o n y m o u s ,  2 0 0 6 ;  W o l f ,  1 9 9 8 ;  S h a p i r o ,  2 0 0 1 ;  
L i n ,  2 0 0 3 ) .

B a s e d  o n  t h e  a b o v e - m e n t i o n e d  r e a s o n s ,  t h e  m a i n  o b j e c t i v e s  o f  t h e  p r e s e n t  
c o n t r i b u t i o n  w e r e  t o  f a b r i c a t e  m a t s  o f  e l e c t r o s p u n  C A  n a n o f i b e r s  t h a t  c o n t a i n e d  
e i t h e r  R e t i n - A  o r  V i t - E ,  a n d  t o  i n v e s t i g a t e  t h e  i n  v i t r o  r e l e a s e  c h a r a c t e r i s t i c s  o f  t h e s e  
s u b s t a n c e s  f r o m  t h e  v i t a m i n - l o a d e d  a s - s p u n  C A  f i b e r  m a t s  i n  c o m p a r i s o n  w i t h  t h o s e  
f r o m  t h e  c o r r e s p o n d i n g  s o l u t i o n - c a s t  C A  f i l m s .



107

6.3  E xperim ental

6 . 3 . 1  M a t e r i a l s
C e l l u l o s e  a c e t a t e  ( C A ;  w h i t e  p o w d e r ;  M v  =  3 0 , 0 0 0  D a ;  a c e t y l  c o n t e n t  

=  3 9 . 7  w t . % ;  d e g r e e  o f  a c e t y l  s u b s t i t u t i o n  «  2 . 4 )  w a s  p u r c h a s e d  f r o m  S i g m a - A l d r i c h  
( S w i t z e r l a n d ) .  A l l - t r a n s  r e t i n o i c  a c i d  o r  v i t a m i n  A  a c i d  ( R e t i n - A ;  p u r i t y  =  9 9 % ) ,  a  
d e r i v a t i v e  o f  v i t a m i n  A  o r  r e t i n o l ,  w a s  p u r c h a s e d  f r o m  R o c h e  ( S w i t z e r l a n d ) .  
V i t a m i n  E  o r  a - t o c o p h e r o l  ( V i t - E ;  p u r i t y  =  9 8 % )  w a s  p u r c h a s e d  f r o m  S i g m a - A l d r i c h  
( S w i t z e r l a n d ) .  C h e m i c a l  s t r u c t u r e s  o f  V i t - E  a n d  R e t i n - A  w e r e  s h o w n  i n  F i g u r e  6 . 1 .  
A c e t o n e  ( C a r l o  E r b a ,  I t a l y ) ,  A / V - d i m e t h y l a c e t a m i d e  [ D M A c ,  L a b s c a n  ( A s i a ) ,  
T h a i l a n d ] ,  s o d i u m  a c e t a t e  ( A j a x  C h e m i c a l s ,  A u s t r a l i a ) ,  a n d  g l a c i a l  a c e t i c  a c i d  ( C a r l o  
E r b a ,  I t a l y )  w e r e  o f  a n a l y t i c a l  r e a g e n t  g r a d e  a n d  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

6 . 3 . 2  P r e p a r a t i o n  o f  n e a t  a n d  v i t a m i n - l o a d e d  C A  f i b e r  m a t s  a n d  f i l m s
A  w e i g h e d  a m o u n t  o f  C A  p o w d e r  w a s  d i s s o l v e d  i n  2 : 1  v / v  

a c e t o n e / D M A c  t o  o b t a i n  a  C A  s o l u t i o n  a t  a  c o n c e n t r a t i o n  o f  1 7 %  w / v .  V i t a m i n -  
l o a d e d  C A  s o l u t i o n s  w e r e  p r e p a r e d  b y  d i s s o l v i n g  t h e  s a m e  a m o u n t  o f  C A  p o w d e r  
a n d  R e t i n - A  o r  V i t - E  i n  t h e  a m o u n t  o f  0 . 5  o r  5  w t . %  b a s e d  o n  t h e  w e i g h t  o f  C A  
p o w d e r ,  r e s p e c t i v e l y ,  i n  t h e  a c e t o n e / D M A c  m i x t u r e .  T h e  i n i t i a l  a m o u n t s  o f  R e t i n - A  
a n d  V i t - E  i n  t h e  d r u g - c o n t a i n i n g  C A  s o l u t i o n s  w e r e  b a s e d  o n  t h e  a m o u n t s  o f  0 . 1  a n d  
1 w t . %  s t a t e d  i n  t h e  l i t e r a t u r e  ( L i n ,  2 0 0 3 ;  K l i g m a n ,  1 9 8 6 ) .  T h e s e  m i x t u r e s  w e r e  
s t i r r e d  i n t o  c l e a r  s o l u t i o n s  u n d e r  c o n s t a n t  s t i r r i n g  f o r  3  h .  P r i o r  t o  e l e c t r o s p i n n i n g ,  
t h e  a s - p r e p a r e d  s o l u t i o n s  w e r e  m e a s u r e d  f o r  t h e i r  v i s c o s i t y  a n d  c o n d u c t i v i t y  u s i n g  a  
B r o o k f i e l d  D V - I I I  p r o g r a m m a b l e  v i s c o m e t e r  a n d  a  O r i o n  1 6 0  c o n d u c t i v i t y  m e t e r ,  
r e s p e c t i v e l y .  T h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  a t  2 5 ° c  a n d  a v e r a g e  v a l u e s  f o r  
e a c h  s o l u t i o n  w a s  c a l c u l a t e d  f r o m  a t  l e a s t  3  m e a s u r e m e n t s .

E l e c t r o s p i n n i n g  o f  t h e  a s - p r e p a r e d  s o l u t i o n s  w a s  c a r r i e d  o u t  b y  
c o n n e c t i n g  t h e  e m i t t i n g  e l e c t r o d e  o f  p o s i t i v e  p o l a r i t y  f r o m  a  G a m m a  H i g h - V o l t a g e  
R e s e a r c h  E S 3 0 P N / M 6 9 2  h i g h  v o l t a g e  D C  p o w e r  s u p p l y  t o  t h e  s o l u t i o n s  c o n t a i n e d  i n  
a  s t a n d a r d  5 0 - m l  s y r i n g e ,  t h e  o p e n  e n d  o f  w h i c h  w a s  a t t a c h e d  t o  a  b l u n t  g a u g e - 2 0  
s t a i n l e s s  s t e e l  n e e d l e  ( O D  =  0 . 9 1  m m ) ,  u s e d  a s  t h e  n o z z l e ,  a n d  t h e  g r o u n d i n g  
e l e c t r o d e  t o  a  h o m e - m a d e  r o t a t i n g  m e t a l  d r u m  ( O D  =  9  c m ) ,  u s e d  a s  t h e  f i b e r
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c o l l e c t i o n  d e v i c e .  A  f i x e d  e l e c t r i c a l  p o t e n t i a l  o f  1 7 . 5  k v  w a s  a p p l i e d  a c r o s s  a  f i x e d  
d i s t a n c e  o f  1 5  c m  b e t w e e n  t h e  t i p  o f  t h e  n o z z l e  a n d  t h e  o u t e r  s u r f a c e  o f  t h e  d r u m  
( i . e . ,  t h e  e l e c t r o s t a t i c  f i e l d  s t r e n g t h  o f  1 7 . 5  k V / 1 5  c m )  a n d  t h e  r o t a t i o n a l  s p e e d  o f  t h e  
r o t a t i n g  d r u m  w a s  6 0  ±  5  r p m .  T h e  f e e d  r a t e  o f  t h e  s o l u t i o n s  w a s  c o n t r o l l e d  a t  ~ 1  m l  
h ' 1 b y  m e a n s  o f  a  K d  S c i e n t i f i c  s y r i n g e  p u m p .  E l e c t r o s p i n n i n g  w a s  c a r r i e d  o u t  i n  
r o o m  c o n d i t i o n s  ( i . e . ,  t e m p e r a t u r e  =  2 6  ±  1 ° C ;  r e l a t i v e  h u m i d i t y  =  7 1  ±  3 % ) .  F o r  
m o r p h o l o g i c a l  o b s e r v a t i o n  o f  t h e  a s - s p u n  p r o d u c t s ,  t h e  c o l l e c t i o n  t i m e  w a s  ~ 5  m i n ,  
w h i l e ,  f o r  t h e  r e s t  o f  t h e  e x p e r i m e n t s ,  i t  w a s  ~ 9  h .

F o r  c o m p a r i s o n ,  b o t h  t h e  n e a t  a n d  t h e  v i t a m i n - l o a d e d  C A  f i l m s  w e r e  
p r e p a r e d  b y  s o l v e n t - c a s t i n g  t e c h n i q u e  f r o m  4 %  w / v  C A  s o l u t i o n  i n  2 : 1  v / v  
a c e t o n e / D M A c  a n d  t h e  s a m e  s o l u t i o n  t h a t  c o n t a i n e d  e i t h e r  0 . 5  w t . %  o f  R e t i n - A  o r  5  
w t . %  o f  V i t - E ,  r e s p e c t i v e l y .  T h e  t h i c k n e s s e s  o f  b o t h  t h e  a s - s p u n  C A  f i b e r  m a t s  
( c o l l e c t i o n  t i m e  »  9  h )  a n d  t h e  a s - c a s t  C A  f i l m s  w e r e  b e t w e e n  2 0  a n d  3 0  p m .

6 . 3 . 3  C h a r a c t e r i z a t i o n  o f  n e a t  a n d  v i t a m i n - l o a d e d  C A  f i b e r  m a t s  a n d  f i l m s
M o r p h o l o g i c a l  a p p e a r a n c e  o f  b o t h  t h e  n e a t  a n d  t h e  v i t a m i n - l o a d e d  a s -

s p u n  C A  f i b e r  m a t s  a n d  a s - c a s t  C A  f i l m s  w a s  o b s e r v e d  b y  a  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 e  ( S E M ) .  E a c h  o f  t h e  f i b e r  m a t  a n d  t h e  f i l m  s a m p l e s  
w a s  s p u t t e r e d  w i t h  a  t h i n  l a y e r  o f  g o l d  p r i o r  t o  S E M  o b s e r v a t i o n .  D i a m e t e r s  o f  t h e  
i n d i v i d u a l  f i b e r s  i n  t h e  a s - s p u n  f i b e r  m a t s  w e r e  m e a s u r e d  d i r e c t l y  f r o m  t h e  S E M  
i m a g e s  u s i n g  a  S e m A p h o r e  4 . 0  s o f t w a r e  ( ท  >  5 0 ) .  T h e  m e c h a n i c a l  i n t e g r i t y  i n  t e r m s  
o f  t h e  t e n s i l e  s t r e n g t h  a n d  t h e  s t r a i n  a t  m a x i m u m  o f  b o t h  t h e  n e a t  a n d  t h e  v i t a m i n -  
l o a d e d  a s - s p u n  C A  f i b e r  m a t s  a n d  a s - c a s t  C A  f i l m s  w a s  i n v e s t i g a t e d  u s i n g  a  L l o y d  
L R X  u n i v e r s a l  t e s t i n g  m a c h i n e  a t  r o o m  c o n d i t i o n s .  E a c h  s p e c i m e n  w a s  c u t  i n t o  a  
r e c t a n g u l a r  s h a p e  ( 1 0  m m  X  1 0 0  m m ) .  T h e  c r o s s h e a d  s p e e d  a n d  t h e  g a u g e  l e n g t h  
w e r e  2 0  m m  m i n ' 1 a n d  5 0  m m ,  r e s p e c t i v e l y .  T h e  r e s u l t s  w e r e  r e p o r t e d  a s  a v e r a g e  
v a l u e s  ( ท  =  7 ) .

6 . 3  . 4  R e l e a s e  o f  v i t a m i n s  f r o m  v i t a m i n - l o a d e d  C A  f i b e r  m a t s  a n d  f i l m s
6 .3 .4 .1  A  d u a l  v i t a m i n  c o n t e n t

T h e  a c t u a l  a m o u n t  o f  v i t a m i n s  i n  t h e  v i t a m i n - l o a d e d  a s - s p u n  
C A  f i b e r  m a t s  a n d  a s - c a s t  C A  f i l m s  ( c u t  i n t o  c i r c u l a r  d i s c s  o f  ~ 2 . 8  c m  i n  d i a m e t e r )  
w a s  q u a n t i f i e d  b y  d i s s o l v i n g  e a c h  s a m p l e  i n  1 0  m l  o f  2 : 1  v / v  a c e t o n e / D M A c .  E a c h
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o f  t h e  o b t a i n e d  s o l u t i o n s  w a s  m e a s u r e d  f o r  t h e  a m o u n t  o f  t h e  d i s s o l v e d  v i t a m i n s  
u s i n g  a  h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  ( H P L C )  ( s e e  l a t e r ) .  T h e  a m o u n t  o f  
v i t a m i n s  o r i g i n a l l y  p r e s e n t  i n  t h e  a s - s p u n  C A  f i b e r  m a t s  a n d  t h e  a s - c a s t  C A  f i l m s  
w a s  b a c k - c a l c u l a t e d  f r o m  t h e  o b t a i n e d  d a t a  a g a i n s t  a  p r e d e t e r m i n e d  c a l i b r a t i o n  c u r v e  
f o r  e a c h  v i t a m i n .  T h e  r e s u l t s  w e r e  r e p o r t e d  a s  a v e r a g e  v a l u e s  ( ท  =  5 ) .

6 .3 .4 .2  P r e p a r a t i o n  o f  a c e t a t e  b u f f e r

A c e t a t e  b u f f e r  w a s  c h o s e n  t o  s i m u l a t e  t h e  h u m a n  s k i n  p H  
c o n d i t i o n  o f  5 . 5 .  T o  p r e p a r e  1 0 0 0  m l  o f  t h e  a c e t a t e  b u f f e r  s o l u t i o n ,  1 5 0  g  o f  s o d i u m  
a c e t a t e  w a s  d i s s o l v e d  i n  a b o u t  2 5 0  m l  o f  d i s t i l l e d  w a t e r .  E x a c t l y  1 5  m l  o f  g l a c i a l  
a c e t i c  a c i d  w a s  t h e n  a d d e d  v e r y  s l o w l y  i n t o  t h e  s o d i u m  a c e t a t e  a q u e o u s  s o l u t i o n .  
F i n a l l y ,  d i s t i l l e d  w a t e r  w a s  a d d e d  i n t o  t h e  s o l u t i o n  t o  t h e  v o l u m e .

6 .3 .4 .3  P r e p a r a t i o n  o f  r e l e a s i n g  m e d i a

D u e  t o  t h e  s o l u b i l i t y  l i m i t s  o f  b o t h  v i t a m i n s  i n  t h e  a c e t a t e  
b u f f e r  s o l u t i o n ,  t w o  t y p e s  o f  r e l e a s i n g  m e d i a  w e r e  p r e p a r e d .  T h e  f i r s t  r e l e a s i n g  
m e d i u m  w a s  p r e p a r e d  b y  a d d i n g  0 . 5  v o l . %  o f  a  n o n - i o n i c  s u r f a c t a n t ,  p o l y s o r b a t e  8 0  
( h e r e a f t e r ,  T w e e n  8 0 ) ,  t o  t h e  a c e t a t e  b u f f e r  s o l u t i o n  t o  h e l p  s o l u b i l i z e  v i t a m i n s  f r o m  
t h e  v i t a m i n - l o a d e d  s a m p l e s .  T h i s  m e d i u m  i s  h e r e a f t e r  r e f e r r e d  t o  B / T .  T h e  o t h e r  
r e l e a s i n g  m e d i u m  w a s  p r e p a r e d  b y  a d d i n g  0 . 5  v o l . %  o f  T w e e n  8 0  a n d  1 0  v o l . %  o f  
m e t h a n o l  i n  t h e  a c e t a t e  b u f f e r  s o l u t i o n .  T h i s  m e d i u m  i s  h e r e a f t e r  r e f e r r e d  t o  B / T / M .

6 .3 .4 .4  S t a b i l i t y  o f  v i t a m i n s

S t a b i l i t y  o f  R e t i n - A  a n d  V i t - E  i n  t h e  B / T / M  m e d i u m  w a s  
e v a l u a t e d  a t  3 7 ° c  b y  v a r y i n g  t h e  a g i n g  p e r i o d  o f  e a c h  v i t a m i n  i n  t h e  m e d i u m .  T h e  
t e s t  s o l u t i o n  w a s  p r e p a r e d  b y  d i s s o l v i n g  a n  a m o u n t  o f  e i t h e r  R e t i n - A  o r  V i t - E  i n  a  
m e a s u r e d  q u a n t i t y  o f  t h e  B / T / M  m e d i u m .  A t  a  s p e c i f i e d  p e r i o d  r a n g i n g  b e t w e e n  0  
a n d  2 4  h  ( 1 4 4 0  m i n ) ,  0 . 5  m l  o f  t h e  t e s t  s o l u t i o n  w a s  w i t h d r a w n  ( i . e . ,  s a m p l e  s o l u t i o n )  
a n d  t h e  a m o u n t  o f  t h e  v i t a m i n  t h a t  r e m a i n e d  d e t e c t a b l e  i n  t h e  s a m p l e  s o l u t i o n  w a s  
d e t e r m i n e d  u s i n g  H P L C  ( s e e  l a t e r )  a g a i n s t  t h e  p r e d e t e r m i n e d  c a l i b r a t i o n  c u r v e  f o r  
e a c h  v i t a m i n .  T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  d u p l i c a t e  a n d  t h e  r e s u l t s  w e r e  
r e p o r t e d  a s  a v e r a g e  v a l u e s .

6 .3 .4 .5  V i t a m i n - r e l e a s e  a s s a y

T o t a l  i m m e r s i o n  m e t h o d  w a s  u s e d  t o  s t u d y  t h e  c u m u l a t i v e  
r e l e a s e  p r o f i l e s  o f  v i t a m i n s  f r o m  v i t a m i n - l o a d e d  a s - s p u n  C A  f i b e r  m a t s  a n d  a s - c a s t
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C A  f i l m s .  B a s e d  o n  t h i s  t e c h n i q u e ,  e a c h  o f  t h e  v i t a m i n - l o a d e d  a s - s p u n  f i b e r  m a t  o r  
a s - c a s t  f i l m  s a m p l e s  ( c u t  i n t o  c i r c u l a r  d i s c s  o f  ~ 2 . 8  c m  i n  d i a m e t e r )  w a s  i m m e r s e d  i n  
2 0  m l  o f  e i t h e r  B / T  o r  B / T / M  r e l e a s i n g  m e d i u m  a t  3 7 ° c .  A t  a  s p e c i f i e d  i m m e r s i o n  
p e r i o d  b e t w e e n  0  a n d  2 4  h  ( 1 4 4 0  m i n )  f o r  V i t - E  a n d  0  a n d  6  h  ( 3 6 0  m i n )  f o r  R e t i n - A ,
0 . 3  m l  o f  t h e  t e s t  m e d i u m  w a s  w i t h d r a w n  ( i . e . ,  s a m p l e  s o l u t i o n )  a n d  a n  e q u a l  a m o u n t  
o f  t h e  f r e s h  m e d i u m  w a s  r e f i l l e d .  T h e  a m o u n t  o f  v i t a m i n s  i n  t h e  s a m p l e  s o l u t i o n  w a s  
d e t e r m i n e d  u s i n g  H P L C  ( s e e  l a t e r )  a g a i n s t  t h e  p r e d e t e r m i n e d  c a l i b r a t i o n  c u r v e  f o r  
e a c h  v i t a m i n .  T h e s e  d a t a  w e r e  c a r e f u l l y  c a l c u l a t e d  t o  d e t e r m i n e  t h e  c u m u l a t i v e  
a m o u n t  o f  v i t a m i n s  r e l e a s e d  f r o m  t h e  s a m p l e s  a t  e a c h  s p e c i f i e d  i m m e r s i o n  p e r i o d .  
T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  t r i p l i c a t e  a n d  t h e  r e s u l t s  w e r e  r e p o r t e d  a s  
a v e r a g e  v a l u e s .

6 .3 .4 .6  H P L C  a n a l y s i s

A  P e r k i n  E l m e r  S e r i e s  2 0 0 0  H P L C  w a s  u s e d  t o  q u a n t i f y  t h e  
a m o u n t  o f  v i t a m i n  i n  a  s a m p l e  s o l u t i o n .  C h r o m a t o g r a p h i c  s e p a r a t i o n  o f  e a c h  v i t a m i n  
w a s  a c h i e v e d  u s i n g  a  w a t e r  s y m m e t r y ®  C g  c o l u m n  ( p a r t i c l e  s i z e  =  5  p m ;  c o l u m n  
d i m e n s i o n  =  3 . 9  X  1 5 0  m m )  o p e r a t i n g  a t  1 m l  m i n ' 1 . T h e  m o b i l e  p h a s e s  f o r  V i t - E  
a n d  R e t i n - A  s e p a r a t i o n s  w e r e  2 5 : 2 5 : 1  a n d  4 5 : 4 5 : 1 0  v / v / v  
a c e t o n i t r i l e / m e t h a n o l / d i s t i l l e d  w a t e r ,  r e s p e c t i v e l y .  T h e  i n j e c t i o n  v o l u m e  w a s  1 0 0  p i .  

A  u v  d e t e c t o r  f o r  V i t - E  a n d  R e t i n - A  w a s  s e t  a t  ( X m a x )  2 9 5  a n d  3 2 5  n m ,  r e s p e c t i v e l y .  
A l l  o f  t h e  s a m p l e  s o l u t i o n s  w e r e  f i l t e r e d  t h r o u g h  a  p o l y t e t r a f l u o r o e t h y l e n e  ( P T F E )  
f i l t e r  ( a v e r a g e  p o r e  s i z e  =  0 . 4 5  p m )  p r i o r  t o  i n j e c t i o n .  A f t e r  i n j e c t i o n ,  V i t - E  a n d  
R e t i n - A  w e r e  s e p a r a t e d  o u t  a t  e l u t i o n  p e r i o d s  o f  4 . 8 - 5 . 3  a n d  1 . 6 - 1 . 8  m i n ,  
r e s p e c t i v e l y .  T h e  c a l i b r a t i o n  c u r v e  w a s  c o n d u c t e d  s e p a r a t e l y  f o r  e a c h  v i t a m i n ­
r e l e a s i n g  m e d i u m .  T h e  c a l i b r a t i o n  c u r v e  f o r  V i t - E  a n d  R e t i n - A  w a s  i n  t h e  r a n g e  o f
5 - 2 0  a n d  0 . 3 - 1 . 4  p g  m l ' 1 ,  r e s p e c t i v e l y .

6.4 R esults and discussion

6 . 4 . 1  M o r p h o l o g y  o f  n e a t  a n d  v i t a m i n - l o a d e d  C A  f i b e r  m a t s  a n d  f i l m s
T h e  a s - p r e p a r e d  1 7 %  w / v  C A  s o l u t i o n  i n  2 : 1  v / v  a c e t o n e / D M A c  w a s  

e l e c t r o s p u n  u n d e r  a n  a p p l i e d  e l e c t r o s t a t i c  f i e l d  s t r e n g t h  o f  1 7 . 5  k V / 1 5  c m .  A
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s e l e c t e d  S E M  i m a g e  o f  t h e  o b t a i n e d  f i b e r s  i s  s h o w n  i n  F i g u r e  6 . 2 a .  C r o s s -  
s e c t i o n a l l y  r o u n d  f i b e r s  w i t h  s m o o t h  s u r f a c e  w e r e  o b t a i n e d .  T h e  a v e r a g e  d i a m e t e r  o f  
t h e s e  f i b e r s  ( ท  >  5 0 )  w a s  d e t e r m i n e d  t o  b e  2 6 5  ±  3 9  n m .  D u e  t o  t h e  s m o o t h n e s s  o f  
t h e  r e s u l t i n g  f i b e r s ,  t h e  1 7 %  w / v  C A  s o l u t i o n  w a s  u s e d  a s  t h e  b a s e  s o l u t i o n ,  i n t o  
w h i c h  V i t - E  a n d  R e t i n - A  w e r e  i n d i v i d u a l l y  a d d e d .  F o r  V i t - E ,  a b o u t  5  w t . %  b a s e d  o n  
t h e  w e i g h t  o f  C A  p o w d e r  w a s  a d d e d ,  w h i l e ,  f o r  R e t i n - A ,  a b o u t  0 . 5  w t . %  w a s  a d d e d .  
T h e s e  v a l u e s  w e r e  a b o u t  5  t i m e s  t h e  a m o u n t  o f  t h e  s u b s t a n c e s  g e n e r a l l y  u s e d  i n  
c o m m e r c i a l  c o s m e t i c  p r o d u c t s  ( L i n ,  2 0 0 3 ;  K l i g m a n ,  1 9 8 6 ) .

A f t e r  c o m p l e t e  d i s s o l u t i o n  o f  v i t a m i n s ,  t h e  o b t a i n e d  s o l u t i o n s  w e r e  
m e a s u r e d  f o r  t h e i r  v i s c o s i t y  a n d  c o n d u c t i v i t y ,  a s  s u m m a r i z e d  i n  T a b l e  6 . 1 .  T h e  
p r o p e r t y  v a l u e s  f o r  t h e  n e a t  C A  s o l u t i o n  a r e  a l s o  l i s t e d  f o r  c o m p a r i s o n .  T h e  
c o n d u c t i v i t y  v a l u e s  o f  t h e  v i t a m i n - c o n t a i n i n g  s o l u t i o n s  w e r e  n o t  m u c h  d i f f e r e n t  f r o m  
t h a t  o f  t h e  n e a t  s o l u t i o n ,  w h i c h  c o u l d  b e  a t t r i b u t e d  t o  t h e  f a c t  t h a t  b o t h  v i t a m i n s  
c o n t a i n e d  n o  i o n i z a b l e  g r o u p s  ( s e e  F i g u r e  6 . 1 ) .  O n  t h e  o t h e r  h a n d ,  t h e  a d d i t i o n  o f  
t h e s e  s m a l l  m o l e c u l a r  w e i g h t  s u b s t a n c e s  c a u s e d  t h e  v i s c o s i t y  o f  t h e  r e s u l t i n g  
s o l u t i o n s  t o  d e c r e a s e  f r o m  t h a t  o f  t h e  n e a t  s o l u t i o n ,  e s p e c i a l l y  f o r  t h e  s o l u t i o n  
c o n t a i n i n g  V i t - E  t h a t  s h o w e d  t h e  l a r g e r  d e c r e a s e  ( v i z .  a  d i r e c t  r e s u l t  o f  t h e  g r e a t e r  
a m o u n t  o f  s u c h  a  s u b s t a n c e  i n  t h e  s o l u t i o n ) ,  l i k e l y  a  r e s u l t  o f  t h e  d r a g - r e d u c i n g  e f f e c t  
o f  t h e s e  s u b s t a n c e s  i n  t h e  s o l u t i o n .  E l e c t r o s p i n n i n g  o f  t h e  v i t a m i n - c o n t a i n i n g  
s o l u t i o n s  w a s  s t r a i g h t - f o r w a r d .  S e l e c t e d  S E M  i m a g e s  o f  t h e  f i b e r s  o b t a i n e d  f r o m  t h e  
s o l u t i o n s  c o n t a i n i n g  V i t - E  a n d  R e t i n - A  a r e  s h o w n  i n  F i g u r e  6 . 2 b  a n d  6 . 2 c ,  
r e s p e c t i v e l y .  A g a i n ,  c r o s s - s e c t i o n a l l y  r o u n d  f i b e r s  w i t h  s m o o t h  s u r f a c e  w e r e  
o b t a i n e d .  T h e  a v e r a g e  d i a m e t e r s  f o r  t h e s e  v i t a m i n - l o a d e d  f i b e r s  ( ท  =  5 0 )  w e r e  2 5 3  ±  

4 1  a n d  2 4 7  +  3 1  n m ,  r e s p e c t i v e l y .

B o t h  t h e  n e a t  a n d  t h e  v i t a m i n - c o n t a i n i n g  C A  s o l u t i o n s  w e r e  a l s o  
f a b r i c a t e d  i n t o  f i l m s  b y  s o l v e n t - c a s t i n g  t e c h n i q u e .  T h e  s u r f a c e  m o r p h o l o g y  o f  t h e  
o b t a i n e d  f i l m s  i s  s h o w n  i n  F i g u r e  6 . 3 .  F i l m s  h a v i n g  r a t h e r  r o u g h  s u r f a c e s ,  w i t h  t h e  
r o u g h n e s s  d i m e n s i o n a l i t y  b e i n g  i n  t h e  v i c i n i t y  o f  ~ 1  p m ,  w e r e  o b t a i n e d  f r o m  t h e  n e a t  
s o l u t i o n  a n d  t h e  s o l u t i o n  c o n t a i n i n g  0 . 5  w t . %  o f  R e t i n - A  ( s e e  F i g u r e  6 . 3 a , c ) .  
I n t e r e s t i n g l y ,  a  b u m p y  s t r u c t u r e  w a s  o b s e r v e d  o n  t h e  s u r f a c e  o f  t h e  f i l m  o b t a i n e d  
f r o m  t h e  s o l u t i o n  c o n t a i n i n g  5  w t . %  o f  V i t - E  ( s e e  F i g u r e  6 . 3 b ) ,  w h i c h  i s  b e l i e v e d  t o
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b e  a  r e s u l t  o f  t h e  p h a s e  s e p a r a t i o n  o f  t h e  t h r e e  c o m p o n e n t s  d u r i n g  t h e  ‘ d r y i n g ’ o f  t h e  
f i l m ,  a n d  i t  w a s  f u r t h e r  p o s t u l a t e d  t h a t  t h e  V i t - E - r i c h  p h a s e  w a s  t h e  c a u s e  f o r  t h e  
f o r m a t i o n  o f  t h e s e  b u m p s .  T h e  s i z e s  o f  t h e s e  b u m p s  r a n g e d  f r o m  ~ 2  t o  ~ 1 5  | j . m .

6 . 4 . 2  T e n s i l e  p r o p e r t i e s  o f  v i t a m i n - l o a d e d  C A  f i b e r  m a t s  a n d  f i l m s
T h e  m e c h a n i c a l  i n t e g r i t y  i n  t e r m s  o f  t h e  t e n s i l e  s t r e n g t h  a n d  t h e  s t r a i n  

a t  m a x i m u m  o f  t h e  n e a t  a n d  t h e  v i t a m i n - l o a d e d  a s - s p u n  C A  f i b e r  m a t s  a n d  a s - c a s t  
C A  f i l m s  w a s  i n v e s t i g a t e d  a n d  t h e  r e s u l t s  a r e  g r a p h i c a l l y  s h o w n  i n  F i g u r e  6 . 4 .  T h e  
t h i c k n e s s e s  o f  t h e s e  f i b e r  m a t s  a n d  f i l m s  r a n g e d  b e t w e e n  2 0  a n d  3 0  p m .  T h e  t e n s i l e  
s t r e n g t h  f o r  a l l  t h e  a s - s p u n  f i b e r  m a t s  w a s  i n  t h e  r a n g e  o f  1 5 . 4 - 1 5 . 6  M P a ,  w i t h  t h e  
a v e r a g e  v a l u e  b e i n g  1 5 . 5  M P a ,  w h i l e  t h a t  f o r  a l l  o f  t h e  a s - c a s t  f i l m s  w a s  i n  t h e  r a n g e  
o f  2 0 . 2 - 2 1 . 2  M P a ,  w i t h  t h e  a v e r a g e  v a l u e  b e i n g  2 0 . 5  M P a .  T h e  m u c h  g r e a t e r  t e n s i l e  
s t r e n g t h  o f  t h e  a s - c a s t  f i l m s  i n  c o m p a r i s o n  w i t h  t h a t  o f  t h e  a s - s p u n  f i b e r  m a t s  w a s  
a l s o  r e f l e c t e d  i n  t h e  o b s e r v e d  l o w e r  s t r a i n  a t  m a x i m u m  o f  t h e  f i l m s  i n  c o m p a r i s o n  
w i t h  t h a t  o f  t h e  f i b e r  m a t s .  S p e c i f i c a l l y ,  t h e  s t r a i n  a t  m a x i m u m  f o r  a l l  t h e  a s - c a s t  
f i l m s  w a s  i n  t h e  r a n g e  o f  1 . 6 - 2 . 2 % ,  w i t h  t h e  a v e r a g e  v a l u e  b e i n g  2 . 0 % ,  w h i l e  t h a t  f o r  
a l l  o f  t h e  a s - s p u n  f i b e r  m a t s  w a s  i n  t h e  r a n g e  o f  1 8 . 5 - 2 0 . 2 % ,  w i t h  t h e  a v e r a g e  v a l u e  
b e i n g  1 9 . 6 % .

T h e  r e s u l t s  d e m o n s t r a t e d  t h a t  t h e  p r e s e n c e  o f  v i t a m i n s  h a d  n o  o b v i o u s  
e f f e c t  o n  t h e  t e n s i l e  p r o p e r t i e s  o f  b o t h  t h e  a s - s p u n  C A  f i b e r  m a t s  a n d  t h e  a s - c a s t  C A  
f i l m s .  M o r e o v e r ,  t h e  a s - c a s t  f i l m s  s h o w e d  s l i g h t l y  g r e a t e r  t e n s i l e  s t r e n g t h  t h a n  t h e  
a s - s p u n  f i b e r  m a t s ,  w h i l e  t h e  s t r a i n  a t  m a x i m u m  o f  t h e  a s - s p u n  f i b e r  m a t s  w a s  a b o u t  
1 0  t i m e s  a s  m u c h  a s  t h a t  o f  t h e  a s - c a s t  f i l m s .  T h i s  f i n d i n g  s u g g e s t s  t h a t ,  i f  t h e  

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

6 . 4 . 3  A c t u a l  v i t a m i n  c o n t e n t  i n  v i t a m i n - l o a d e d  C A  f i b e r  m a t s  a n d  f i l m s  
T h e  a c t u a l  a m o u n t  o f  t h e  v i t a m i n s  i n c o r p o r a t e d  i n  t h e  v i t a m i n - l o a d e d

a s - s p u n  C A  f i b e r  m a t s  a n d  a s - c a s t  C A  f i l m s  w a s  d e t e r m i n e d  p r i o r  t o  t h e  i n v e s t i g a t i o n  
o n  t h e i r  r e l e a s e  c h a r a c t e r i s t i c s .  T a b l e  6 . 2  s u m m a r i z e s  t h e  a c t u a l  a m o u n t  o f  t h e  
v i t a m i n s  i n  t h e s e  s a m p l e s  ( r e p o r t e d  a s  t h e  p e r c e n t a g e  o f  t h e  i n i t i a l  c o n t e n t  o f  t h e  
v i t a m i n s  c o n t a i n e d  i n  b o t h  t h e  s p i n n i n g  a n d  t h e  c a s t i n g  s o l u t i o n s ) .  E v i d e n t l y ,  t h e
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actual amount of Vit-E in the Vit-E-loaded as-spun fiber mat and as-cast film 
samples was determined to be ~83 and -78%, respectively. On the other hand, the 
actual amount of Retin-A in the Retin-A-loaded as-spun fiber mat and as-cast film 
samples was much lower at -45 and -53%, respectively. The much less amount of 
Retin-A incorporated in both the fiber mat and the film samples, in comparison with 
the relative amount of Vit-E in the Vit-E-loaded samples, could be due partly to the 
poor stability of Retin-A (Kligman, 1986; Gatti, 2000) as there is a possibility for 
Retin-A to lose its characteristics during the electrospinning, due to the high 
electrical potential that was applied to the solution. Additionally, due to the 
smoothness of the surface of the vitamin-loaded as-spun CA fibers (see Figure 
6.2b,c), it is postulated that both vitamins were encapsulated well within the fibers.

6.4.4 Stability of vitamins in releasing medium
Prior to the release studies, the stability of the vitamins in the 

releasing conditions was investigated. The B/T/M medium was chosen as the model 
releasing medium. Vit-E and Retin-A powder in an exact amount were separately 
added in the B/T/M medium to prepare the test solutions of known concentrations 
(i.e., 0.052 mg ml'1 for Vit-E-containing solution and 0.023 mg ml'1 for Retin-A- 
containing solution). The test solutions were incubated at 37°c for 24 h. At a 
certain period of time between 0 and 24 h (1440 min), 0.5 ml of the test solutions 
was taken out (i.e., sample solutions) and the amount of the vitamins in the sample 
solutions was determined. Figure 6.5 shows the amount of vitamins, reported as the 
percentage of the initial amount of the vitamins, in the test solutions. Apparently, the 
amount of Vit-E in the sample solutions remained close to its initial value in the test 
solution, with the lowest average value was -97% (see Figure 6.5a). On the other 
hand, the amount of Retin-A in the sample solutions remained close to its initial 
value during the first 6 h (360 min), after which time the amount of Retin-A started 
to decrease from -94% at 8 h (480 min) to -71% at 24 h (1440 min) (see Figure 
6.5b). Evidently, Vit-E remained stable in the B/T/M medium throughout the 24 h 
period, while Retin-A only did so during the first 6 h period. Even though the 
stability of Retin-A in the releasing medium was poor, the results did not imply the 
poor instability of Retin-A when it is incorporated within the CA matrix.
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6.4.5 Release of vitamins from vitamin-loaded CA fiber mats and films
The release characteristics of the vitamins from the vitamin-loaded as- 

spun CA fiber mats and as-cast CA films were carried out by the total immersion 
method. The experiments were carried out in the acetate buffer solution that 
contained either 0.5 vol.% Tween 80 (i.e., the B/T releasing medium) or 0.5 vol.% 
Tween 80 and 10 vol.% methanol (i.e., the B/T/M releasing medium) at the 
physiological temperature of 37°c. The cumulative amount of the vitamins released 
(reported as the percentage of the actual amount of vitamins present in the vitamin- 
loaded samples; see Table 6.2) from the vitamin-loaded samples is illustrated in 
Figure 6.6. It should be noted the cumulative amount of the vitamins released from 
the vitamin-loaded samples at the skin temperature of 32°c was practically similar to 
that shown in Figure 6.

In the B/T medium, it is obvious from Figure 6.6a that Vit-E released 
from the Vit-E-loaded as-cast film samples exhibited a burst release, while that from 
the as-spun fiber mat ones did not. Specifically, Vit-E released from the as-cast film 
samples showed the burst release during the first 20 min and reached a plateau at the 
maximum release of -20% with further increase in the immersion time. On the other 
hand, the Vit-E-loaded as-spun fiber mat samples showed a gradual increase in the 
cumulative release of Vit-E over the 24 h testing period. At 24 h, the maximum 
amount of Vit-E released from the as-spun fiber mat samples was -52%. After the 
immersion in the B/T medium for 24 h, the morphology of the Vit-E-loaded as-cast 
film (see Figure 6.7a) was roughly the same as that of the film prior to the drug 
release assay (see Figure 6.3b). As mentioned previously that the formation of the 
bumpy structure on the surface of the Vit-E-loaded as-cast CA films was likely a 
result of the formation of the Vit-E-rich phase, the burst release of Vit-E from the as- 
cast film could be a result of the quick release of Vit-E from these bumps. Similarly, 
the morphology of the Vit-E-loaded as-spun fiber mat (see Figure 6.8a), after the 
immersion in the B/T medium for 24 h, was essentially the same as that of the fiber 
mat prior to the drug release assay (see Figure 6.2b).

With regards to Retin-A, the Retin-A-loaded as-cast film samples 
exhibited a smoother burst release than the Vit-E-loaded as-cast film samples, while
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the Retin-A-loaded as-spun fiber mat samples showed a gradually-increasing release 
profile in a manner similar to the Vit-E-loaded as-spun fiber mat samples. 
Specifically, Retin-A released from the as-cast film samples increased rather rapidly 
during the first 30 min and reached a plateau at the maximum release of -57% with 
further increase in the immersion time. On the other hand, the Retin-A-loaded as- 
spun fiber mat samples exhibited a gradual increase in the cumulative release of 
Retin-A over the 6 h testing period, with the maximum amount of Retin-A released 
at 6 h being -34%. The fact that the Retin-A-loaded as-cast film samples exhibited a 
burst release, while the as-spun fiber mat samples did not, could be a result of the 
phase separation that caused Retin-A to locate close to the surface of the films (viz. 
the ‘drying’ of the film was much slower than that of the fiber mat) and the fact that 
the Retin-A-loaded as-cast film samples exhibited the much greater release of Retin- 
A than the as-spun fiber mat samples could be a result of the greater initial content of 
Retin-A in the films (i.e., -53% in Retin-A-loaded as-cast films versus -45% in 
Retin-A-loaded as-spun fiber mats), hence the greater driving force for diffusion. In 
addition, the morphology of the Retin-A-loaded fiber mat (see Figure 6.8c) and the 
corresponding film (not shown), after the immersion in the B/T medium for 6 h, was 
practically the same as that of the samples prior to the drug release assay (see Figure 
6.2c and Figure 6.3c, respectively).

In the B/T/M medium, it IS apparent from Figure 6.6b that Vit-E 
released from the Vit-E-loaded as-cast film samples exhibited a burst release, while 
that from the as-spun fiber mat ones did not. Specifically, Vit-E released from the 
as-cast film samples also showed the burst release during the first 20 min and 
reached a plateau at the maximum release of -45% with further increase in the 
immersion time. On the other hand, Vit-E released from the Vit-E-loaded as-spun 
fiber mat samples increased gradually and monotonously with increasing the 
immersion time to reach a maximum value o f-95% at 24 h. After the immersion in 
the B/T/M medium for 24 h, the morphology of the Vit-E-loaded as-cast film (see 
Figure 6.7b) was roughly similar to that of the film prior to the drug release assay 
(see Figure 6.3b). Again, the bumpy structure on the surface of the Vit-E-loaded as- 
cast films could be the cause for the burst release of Vit-E from the films. On the 
other hand, while it was not obvious in the case of the Vit-E-loaded as-cast film (see
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Figure 6.7b), it is obvious that the Vit-E-loaded as-spun fiber mat partially lost it 
fibrous structure (see Figure 6.8b), most likely a result of the partial dissolution of 
the fibers in methanol, which is likely the reason for the observed greater release of 
Vit-E from both types of the samples in this medium in comparison with that of the 
samples in the B/T medium (see Figure 6.6a).

With regards to Retin-A, it is evident from Figure 6.6b that Retin-A 
released from the Retin-A-loaded as-cast film samples exhibited a burst release 
during the first 5 min of immersion in the medium and gradually increased with 
further increase in the immersion time to reach a maximum value of -80% at 6 h. 
On the other hand, Retin-A released from the Retin-A-loaded as-spun fiber mat 
samples showed a steady increase in the release characteristic with increasing 
immersion time. At 6 h, the maximum release of Retin-A from the fiber mat samples 
was close to 100% (i.e., -96%). Interestingly, in the B/T medium, Retin-A released 
from the Retin-A-loaded as-cast film samples was greater than that from the 
corresponding as-spun fiber mat ones at any given immersion time. In the B/T/M 
medium, Retin-A released from the Retin-A-loaded as-cast film samples was also 
greater than that from the corresponding as-spun fiber mat samples at an immersion 
time lower than about 150 min, after which time Retin-A released from the Retin-A- 
loaded as-spun fiber mat samples became greater. The likely reason for such 
observation is the partial dissolution of both types of samples in the B/T/M medium. 
Since the Retin-A-loaded as-cast fiber mat exhibited a much greater surface area than 
the corresponding as-cast film, the dissolution should occur in a greater extent (see 
Figure 6.8d), causing Retin-A to leash out more readily at a long immersion time 
(i.e., > -150 min).

6.4.6 Release kinetics of vitamins from vitamin-loaded CA fiber mats and 
films
The release kinetics of a drug from a carrier is often characterized 

using an equation of the following form (Ritger, 1987; Peppas, 1993; Verreck, 2003):
(6 ,)

where Mt is the accumulative amount of drugs released at an arbitrary time t, Moo is 
the accumulation amount of drugs released at an infinite time, ท is an exponent
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characterizing the mechanism with which the release kinetics can be described, and k 
is the rate of release of the drugs that incorporates physical characteristics of the 
matrix/drug system as well as some physical contributions from the measurement 
method.

For ท = 0.5, the release mechanism can be described as Fickian 
diffusion (Verreck, 2003). For Fickian diffusion, a straight line is expected when the 
fractional accumulative amount of drug released (i.e. M\Mao) is plotted as a function 
of /°'5. Due to the initial burst release of the vitamins from vitamin-loaded as-cast 
CA films, only the release of the vitamins from vitamin-loaded as-spun CA fiber 
mats could be analyzed for their release kinetics using Equation (1), indicating the 
Fickian diffusion type of the release mechanism of these vitamins from the vitamin- 
loaded as-spun CA fiber mats in both types of the releasing media. The results from 
the analyses (i.e. parameter k and r2, which signifies the goodness of the fit) are 
summarized in Table 6.3. Apparently, the rate parameter k for Vit-E-loaded as-spun 
CA fiber mat samples was 0.0039 and 0.0049 ร'05 in B/T and B/T/M media, 
respectively, while that for Retin-A-loaded as-spun CA fiber mat samples was 
0.0128 and 0.0061 ร'0 5 in B/T and B/T/M media, respectively.

6.5 C onclusions

Vitamin-loaded cellulose acetate (CA; acetyl content = 39.8%; À/พ = 30 000 
Da) mats of electrospun nanofibers were successfully fabricated by electrospinning. 
All-trans retinoic acid or vitamin A acid (Retin-A), a derivative of vitamin A or 
retinol, and a-tocopherol or vitamin E (Vit-E), were used as the model vitamins. 
17% w/v CA solution in 2:1 v/v acetone/V.iV-dimethylacetamide (DMAc) was used 
as the base spinning solution, into which Vit-E or Retin-A in an amount of 5 or 0.5 
wt.% (based on the weight of CA) was added to prepare the vitamin-loaded spinning 
solutions. The as-spun fibers from these solutions were found to be cross-sectionally 
round with smooth surface, with their average diameters ranging between 247 and 
265 nm. The mechanical integrity in terms of the tensile strength and the strain at 
maximum of these as-spun fiber mats was evaluated in comparison with that of the
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corresponding solution-cast films. It was observed that the as-cast films exhibited 
slightly greater tensile strength than the as-spun fiber mats, while the strain at 
maximum of the as-spun fiber mats was about 10 times as much as that of the as-cast 
films.

The actual contents of Vit-E and Retin-A loaded within the as-spun fiber 
mats were ~83 and -45%, respectively, while those within the as-cast films were -78 
and -53%, respectively. The stability of both vitamins in the acetate buffer solution 
containing 0.5 vol.% Tween 80 and 10 vol.% methanol (i.e., the B/T/M medium) was 
evaluated and the results showed that Vit-E was stable in the B/T/M medium 
throughout the 24 h period, while Retin-A only did so during the first 6 h period. In 
the B/T medium, the Vit-E-loaded and the Retin-A-loaded as-cast films exhibited a 
burst release during the first 20 and 30 min, respectively, to reach a plateau at the 
maximum release of Vit-E and Retin-A at -20 and -57%, respectively, with further 
increase in the immersion time, while the Vit-E-loaded and the Retin-A-loaded as- 
spun fiber mats exhibited a gradual increase in the cumulative release during the 24 h 
and the 6 h testing period, respectively, to reach the maximum release of Vit-E and 
Retin-A at -52 and -34%, respectively. On the other hand, in the B/T/M medium, 
the Vit-E-loaded as-cast films exhibited a burst release during the first 20 min, 
respectively, to reach a plateau at the maximum release of Vit-E at -45, while Retin- 
A released from the Retin-A-loaded as-cast films exhibited a burst release during the 
first 5 min and increased gradually to reach the maximum value o f -80%. Again, a 
gradual and monotonous increase in the amount of Vit-E and Retin-A was observed 
from the vitamin-loaded as-spun fiber mats, with the maximum release of Vit-E and 
Retin-A at 24 h and 6 h, respectively, being -95 and -96%, respectively.
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Table 6.1 Some properties of neat and vitamin-containing CA solutions

Type of CA solution Viscosity 
(ท!Pa ร)

Conductivity 
(mS cm'1)

Neat 465 ±2.6 4.01 ±0.04
with 5 wt.% vitamin E (Vit-E) 

With 0.5 wt.% retinoic acid (Retin-A)
453 ± 1.5 
460 ±3.0

3.92 ±0.04 
4.03 ± 0.02
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Table 6.2 Actual amount of vitamins incorporated in vitamin-loaded as-spun CA 
fiber mats and corresponding as-cast CA films. The initial amounts of Vit-E and 
Retin-A loaded in the spinning and the casting solutions were 5 and 0.5% (based on 
the weight of PVA), respectively

Type of 
vitamin

Actual amount of vitamin based on the initial amount of the 
vitamin loaded (%)

Vitamin-loaded as-spun CA 
mats

Vitamin-loaded as-cast CA 
films

Vitamin E 
(Vit-E) 82.9 ±2.2 78.4 ± 1.4

Retinoic acid 
(Retin-A) 44.5 ± 1.1 52.7 ±2.1



T able 6.3 Analyses of the release kinetics of vitamins from vitamin-loaded as-spun 
CA fiber mats based on the Fickian diffusion type of release mechanism

Type of sample Rate parameter k
(ร-0-5)

r2

Vit E-loaded as-spun CA fiber mat:
In B/T medium 0.0039 0.98

In B/T/M medium 0.0049 0.99
Vit A-loaded as-spun CA fiber mat:

In B/T medium 0.0128 0.98
In B/T/M medium 0.0061 0.98
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(b)

F igure 6.1 Chemical structures of (a) vitamin E or a-tocopherol (Vit-E) and (b) all- 
tran retinoic acid or vitamin A acid (Retin-A).
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F igure 6.2 Selected scanning electron micrographs (10 OOOx) of as-spun CA fiber 
mats from (a) neat 17% w/v CA solution in 2:1 v/v acetone/DMAc and from the CA 
solutions that contained (b) 5 wt.% of Vit-E and (c) 0.5 wt.% of Retin-A. The 
electrostatic field strength was 17.5 kV/15 cm and the collection time was 5 min. 
The average diameters for these as-spun fibers (ท = 50) were 265 ± 39, 253 ± 41, and 
247 ±31 nm, respectively.
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(c)

Figure 6.3 Selected scanning electron micrographs (2000x) of as-cast CA films 
from (a) neat 4% พ/V CA solution in 2:1 v/v acetone/DMAc and from the CA 
solutions that contained (b) 5 wt.% of Vit-E and (c) 0.5 wt.% of Retin-A.
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(a)

(b)

F igure 6.4 Mechanical properties of vitamin-loaded as-spun CA fiber mats and 
corresponding as-cast CA films: (a) tensile strength (MPa) and (b) strain at 
maximum (%).
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(b)

F igure 6.5 Stability of (a) Vit-E and (b) Retin-A in the acetate buffer solution 
containing 0.5 vol.% of Tween 80 and 10 vol.% of methanol at 37°c  (i.e., B/T/M 
medium).
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(a)

Figure 6.6 Profiles of (a) Vit-E (immersion period = 0-1440 min) or (b) Retin-A 
(immersion period = 0-360 min) released from ( • )  vitamin-loaded as-spun CA fiber 
mats and (O) corresponding as-cast CA films in B/T medium and (■ ) vitamin- 
loaded as-spun CA fiber mats and (□ ) corresponding as-cast CA films in B/T/M 
medium.
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(b)

F igure 6.7 Selected scanning electron micrographs (lOOOx) of Vit-E-loaded as-cast 
CA films after immersion in (a) B/T or (b) B/T/M medium for 24 h.
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Figure 6.8 Selected scanning electron micrographs (5000x) of Vit-E-loaded as-spun 
CA fiber mats after immersion in (a) B/T or (b) B/T/M medium for 24 h and Retin-A- 
loaded as-spun CA fiber mats after immersion in (c) B/T or (d) B/T/M medium for 6 h.
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