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SUMMARY 
The fibre of a cellulose-TiO 2 composite was prepared by the 
reaction of cellulose acetate with titanium isopropoxide. 
Glucose oxidase was entrapped in the fibre. This immobi- 
lization can be easily and simply formed under mild condi- 
tions. The fibre is stable in common solvents, high ionic 
solutions and over the wide pH range of 3-10. 

INTRODUCTION 
There are many investigations concerning about the reactions 
using immobilized enzymes as bio-catalysts. Polyme~ ma- 
trices are used exclusively, they have poor structure 
stability, however. Previously, hydrous TiO~ and ZrO 2 have 
been shown to be suitable as matrices on whlch enzymes can 
be immobilized with retention of enzyme activity (Kennedy 
a n d  K a y ,  1 9 7 6 ) .  H o w e v e r ,  i f  t h e y  a r e  v e r y  f i n e  ( 3 - 1 0  m ~ ) ,  
t h e n  a c e r t a i n  a m o u n t  o f  e n z y m e  l e a c h e s  f r o m  t h e  m a t r i x  b y  
w a s h i n g  o r  d u r i n g  t h e  r e a c t i o n .  I n  a d d i t i o n ,  i t  i s  d i f f i -  
c u l t  t o  s h a p e  t h e m  i n t o  b e a d s ,  f i b r e  a n d  f i l m .  N a t u r a l  
c e l l u l o s e  p o l y m e r  i s  e x c e l l e n t  f o r  v i t a l  s u i t a b i l i t y  a n d  
s h a p i n g  i n t o  v a r i o u s  f o r m s .  H e r e ,  we d e v e l o p e d  a new t y p e  
f i b r e  o f  a c e l l u l o s e - h y d r o u s  t i t a n i u m  o x i d e  c o m p o s i t e  c o n -  
t a i n i n g  e n z y m e .  

EXPERIMENTAL 
All chemicals were of the highest grade commercially avail- 
able and used without further purification. D-glucose 
oxidase (EC,1.].3.4, a specific activity 15units/mg) was 
obtained from Tokyo Easel Co. Stock solution of glucose 
were prepared with 1M D-glucose. A 10wt% cellulose acetate 
acetone solution was made by dissolving 38.8% acetyl cellu- 
lose acetate in acetone. 0xidase moistened with water was 
dispersed into these solutions in a 1:10 weight ratio pro- 
portion. A 10wt% titanium alkoxide acetone solution was 
made by dissolving titanium iso-propoxide (Nacalai Tesque 
Inc.) into acetone. The former oxidase-dispersed solution 
was pressed out slowly into the latter solution using a 
syringe. It was allowed to stand for 30 minutes. The result- 
ant fibre (diameter:0.2-0.5mm) is soft, elastic and trans- 
parent. The fibre was removed from the solution and washed 
with ethanol. The transparent gel fibre was then hydrolyzed 
by O.1M phosphate buffer. One gram of wet fibre was added 
to 200ml of glucose solution. The pH was adjusted by ace- 



t a r e ,  p h o s p h a t e  o r  t r i s  b u f f e r .  The r e a c t i o n  was f o l l o w e d  
b y  t h e  a m o u n t  o f  o x y g e n  r e m o v e d  u s i n g  a d i s s o l v e d  o x y g e n  
s e n s o r .  The  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  a t h e r m o s t a t e d  
~ t h  a t  a b o u t  25°C  a n d  u n d e r  an a t m o s p h e r e  o f  a i r .  CP/MAS 

~C-NMR s p e c t r a  w e r e  r e c o r d e d  u s i n g  a JEOL GX-270  s p e c t r o m e -  
t e r  ( r e s o n a n c e  f r e q u e n c y  6 7 . 8 M H z ) .  h l l  s a m p l e s  w e r e  c u t  
i n t o  s m a l l  p i e c e s  i n  o r d e r  t o  f i l l  t h e  r o t o r .  S p e c t r a  w e r e  
a c c u m u l a t e d  1 0 0 0 0 0  r u n s .  

RESULTS AND DISCUSSION 
We h a v e  i n v e s t i g a t e d  t h e  f o r m a t i o n  o f  t h e  p o l y m e r - i n o r g a n i c  
c o m p o s i t e  a n d  i t s  p r o p e r t i e s .  I n  s u c h  an i n v e s t i g a t i o n ,  we 
f o u n d  a g e l  f o r m a t i o n  when c e l l u l o s e  a c e t a t e  s o l u t i o n  was  i n  
c o n t a c t  w i t h  a l k o x i d e  s o l u t i o n .  On t h e  o t h e r  h a n d ,  i t  i s  
r e p o r t e d  t h a t  an  o i l - l i k e  s u b s t a n c e  i s  f o r m e d  when p o l y s a c -  
c h a r i d e  s o l u t i o n  i s  i n  c o n t a c t  w i t h  t i t a n i u m  t r i e t h a n o l a m i n e  
( K r a m e r  a n d  P r u d ' h o m m e ,  1 9 8 6 ) .  H o w e v e r ,  t h e  r e a c t i o n  m e c h a -  
n i s m  i s  n o t  w e l l  e s t a b l i s h e d .  The  g e l  f o r m a t i o n  b e t w e e n  
a l k o x i d e  a n d  c e l l u l o s e  a c e t a t e  may be  due  t o  e s t e r  o r  a l c o -  
h o l  e x c h a n g e  r e a c t i o n s  b e t w e e n  t h e  h y d r o x y l  o r  a c e t y l  g r o u p s  
on t h e  p y r a n o s e  r i n g s  a n d  t h e  t i t a n i u m  a l k o x i d e .  H o w e v e r ,  
t h e  c o n t a c t  o f  c e l l u l o s e  t r i a c e t a t e  w i t h  a l k o x i d e  d i d  n o t  
p r o d u c e  g e l  f o r m a t i o n .  I n  a d d i t i o n  t o  t h e  a b o v e  e x c h a n g e  
r e a c t i o n s ,  a l k o x i d e  c a n  u n d e r g o  a m u l t i p l e  h y d r o l y s i s  r e a c -  
t i o n  f o l l o w e d  b y  c o n t a c t  w i t h  w a t e r .  I n  t h e  f i r s t  s t e p  o f  
t h e  e x c h a n g e  r e a c t i o n ,  e n z y m e s  a r e  l o o s e l y  e n t r a p p e d  i n  t h e  
g e l  n e t w o r k ,  c r o s s - l i n k i n g  t h e  c e l l u l o s e  a n d  a l k o x i d e  
t h r o u g h  t h e  e x c h a n g e  r e a c t i o n  p r e v i o u s l y  d e s c r i b e d .  
The  NMR s p e c t r a  o f  f i b r e ,  c e l l u l o s e  g e l  f i l m  a n d  c e l l u l o s e  
p o w d e r  a r e  g i v e n  i n  F i g . 1 .  A d i s t i n c t i o n  b e t w e e n  C 1 and  C 6 
s i g n a l s  i s  c l e a r l y  o b s e r v e d ,  b u t  C 2 , C 3 , C  4 and  C 5 a r e  s u p e r -  
i m p o s e d .  I t  i s  n e c e s s a r y  t o  u s e  a h i g h e r  r e s o l u t i o n  s p e c -  
t r o m e t e r  t o  e l u c i d a t e  t h e s e  p o i n t s .  No s u b s t a n t i a l  d i s -  
p l a c e m e n t  o f  t h e  s i g n a l s  was s e e n  b e t w e e n  s p e c t r a .  
P h o t o .  s h o w s  t h e  f i b r e s  i m m e r s e d  i n  a p e t r i  d i s h .  The f i b r e  
c o n t a i n s  1 0 - 2 0 w t %  T iO  2 w h i c h  d e p e n d s  on i t s  p r e p a r a t i o n  
c o n d i t i o n s .  I t  s h o w s  no X - r a y  d i f f r a c t i o n  p a t t e r n  ( C u - K a ,  
4 0 k V ,  1 5 m h ) ,  i n d i c a t i n g  v e r y  f i n e  p a r t i c l e s  ( < 2 n m ) .  T h e  
f r ~ e z e d  d r i e d  f i b r e  h a s  a s p e c i f i c  s u r f a c e  a r e a  o f  1 -  
5 m ~ / g  a s  d e t e r m i n e d  b y  N 2 a d s o r p t i o n .  One g r a m  f i b r e  was  
i m m e r s e d  i n  b u f f e r  s o l u t i o n  (pH 4 , 7  a n d  9)  f o r  30 d a y s .  
L i b e r a t i o n  o f  Ti  f r o m  t h e  f i b r e  d u r i n g  t h i s  s t o r a g e  was n o t  
d e t e c t e d  b y  ICP a t o m i c  e m i s s i o n  s p e c t r o m e t r y .  
I t  s e e m s  t h a t  t h e  i n i t i a l l y  h y d r o l y z e d - s p e c i e s  h a s  a l i n e a r  
p o l y m e r i c  c h a i n  o f  T iO(OH)  2.  Two h y d r o x y l  g r o u p s  a r e  known  
t o  b e  p e n d e n t  t o  e a c h  T i  a t o m  o f  t h e  c h a i n .  I n t e r a c t i o n  
b e t w e e n  e n z y m e  a n d  m a t r i x  may a r i s e  t h r o u g h  d i s p l a c e m e n t  o f  
t h e  h y d r o x y l  g r o u p  o f  t h e  h y d r o u s  TiO 2 b y  l i g a n d s  o f  t h e  
e n z y m e .  I n  a d d i t i o n  t o  t h e  h y d r o x y l  g r o u p s ,  t h e  e n z y m e  h a s  
a m i n e  a n d  c a r b o x y l  g r o u p s .  T h e s e  m u s t  be  c o n s i d e r e d  t o  a c t  
a s  l i g a n d s  t o  t i t a n i u m .  I n  v i e w  o f  t h e s e  c o n s i d e r a t i o n s ,  
h y d r o u s  TiO 2 i s  e x p e c t e d  t o  e x h i b i t  a g e n e r a l  a f f i n i t y  f o r  
t h e  b i n d i n g  o f  t h e  o t h e r  p r o t e i n s .  M o r e o v e r ,  i t  i s  c o n s i d -  
e r e d  t h a t  t h e  p r e c i p i t a t i o n  o f  h y d r o u s  TiO 2 i n  t h e  p r e s e n c e  
o f  e n z y m e  may y i e l d  a p h y s i c a l  t r a p p i n g  o f  an e n z y m e  i n  t h e  
m a t r i x  o w i n g  t o  t h e  h i g h e r  s u r f a c e  a r e a  o f  t h e  g r o w i n g  
p a r t i c l e s .  

6 



G l u c o s e  o x i d a s e  c a t a l y s e s  t h e  o x i d a t i o n  o f  B - D - g l u c o s e  by  
~ t o  t h e  c o r r e s p o n d i n g  l a c t o n e .  A c t i v i t y  a d o p t e d  h e r e  i s  

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

P h o t o .  C e l l u l o s e - T i O  2 c o m p o s i t e  
g e l  f i b r e .  
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F l g . 1 .  13C NMR s p e c t r a  o f  g e l s .  
(a)CA g e l  f i l m  (b )CA-TIO 2 g e l  
f i b r e  w a s h e d  w l t h  a c e t o n e  ( c ) C h - T i O  2 
g e l  f i b r e  w a s h e d  w i t h  e t h a n o l .  
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F i g . 2 .  E f f e c t s  o f  r e p e a t e d  r u n s  
on r e l a t i v e  a c t i v i t y  o f  I m m o b i l i z e d  
e n z y m e . ( 2 5 ° C , p t I 7 . 0 )  
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F i g . 3 .  E f f e c t  o f  plI on a c t l v l t y  
o f  i m m o b i l i z e d  enzyme.  

d e t e r m i n i n g  t h e  i n i t i a l  r a t e .  F i g . 2  s h o w s  t h e  s t a b i l i t y  o f  
i m m o b i l i z e d  e n z y m e  f o r  r e p e a t e d  r u n s .  R e l a t i v e  a c t i v i t y  
d e c r e a s e s  r a p i d l y  d u r i n g  an  i n i t i a l  s t a g e  a n d  a f t e r w a r d s  
m a i n t a i n s  a c o n s t a n t  v a l u e .  I n  e n t r a p  i m m o b i l i z a t i o n ,  i t  i s  
d i f f i c u l t  t o  p r e v e n t  t h e  e n z y m e  f r o m  b e i n g  l e a c h e d  i n t o  
s o l u t i o n  d u r i n g  u s e .  The  d e c r e a s e  may b e  a t t r i b u t a b l e  t o  
t h e  f a c t  t h a t  l o o s e l y  a d s o r b e d  e n z y m e  i s  r e m o v e d  a n d  t h a t  
o n l y  t i g h t l y  b o u n d  e n z y m e  r e m a i n e d .  
The e f f e c t  o f  pH on a c t i v i t y  i s  g i v e n  i n  F i g . 3 .  The a c t i v i -  
t y  a t  o p t i m u m  pH h a s  b e e n  s e t  e q u a l  t o  100%.  I t  s h o w s  a 
n a r r o w  r a n g e  o f  pH 4 - 9  w i t h  a maximum a t  pH 7 . 0 ,  c o m p a r e d  t o  
n a t i v e  a c t i v i t y .  T h e r e  i s  a s h i f t  t o w a r d  a m o r e  a l k a l i n e  pH 
v a l u e  o f  1 . 5  c o m p a r e d  t o  n a t i v e  e n z y m e .  The b e h a v i o r s  a r e  
s i m i l a r  t o  t h e s e  i n  t h e  g l u c o s e  o x i d a s e  on n y l o n  m e m b r a n e  
(Da S i l v a  e t  a 1 . , 1 9 9 1 ) .  T h e y  may be  m a i n l y  i n f l u e n c e d  b y  
i o n i c  m a t r i x .  T i t a n i u m  o x i d e  g i v e s  a n e g a t i v e l y  c h a r g e d  
s u r f a c e  a b o v e  i t s  i s o e l e c t r i c  p o i n t  ( 5 . 5 )  a n d  a p o s i t i v e l y  
c h a r g e d  s u r f a c e  b e l o w  t h a t  p o i n t .  The s h i f t  may be  due  t o  
t h e ~ n e g a t i v e l y  c h a r g e d  s u r f a c e  o f  t h e  m a t r i x ,  t h e r e b y  c r e a t -  
i n g  a m i c r o e n v i r o n m e n t  f o r  t h e  b o u n d  e n z y m e  t h a t  h a s  a 
h i g h e r  h y d r o g e n  i o n  c o n c e n t r a t i o n  ( l o w e r  pH) t h a n  t h e  c o n -  
c e n t r a t i o n  i n  t h e  s u r r o u n d i n g  s o l u t i o n  w h e r e  t h e  pH i s  
a c t u a l l y  m e a s u r e d .  
T h i s  new i m m o b i l i z a t i o n  m e t h o d  h a s  a d v a n t a g e s  o v e r  o t h e r  
m e t h o d s  i n  t h a t  i t  c a n  be  p e r f o r m e d  e a s i l y  a n d  s i m p l y  u n d e r  
m i l d  c o n d i t i o n s .  T h i s  c o m p o s i t e  m a t r i x  i s  i n s o l u b l e  i n  a l l  
t h e  common s o l v e n t s  a n d  i n  h i g h l y  i o n i c  a q u e o u s  s o l u t i o n s .  
T h i s  m e t h o d  c a n  a l s o  be  c o n v e n i e n t l y  e x t e n d e d  t o  t h e  i m m o b i -  
l i z a t i o n  o f  o t h e r  p r o t e i n s ,  p e p t i d e s ,  a n t i b o d i e s  a n d  a m i n o  
a c i d s .  F u r t h e r  w o r k  on  t h i s  i m m o b i l i z a t i o n  i s  now i n  
p r o g r e s s .  
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