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SEPARATION AND PURIFICATION METHODS, 1 4 ( 1 ) ,  109-125 (1985) 

FKEPARATIOh A h D  USE OF POLYURETHANE 
LhZYF,E PARTICLES 

N i n o r u  Kumakura 
T a k a s a k i  R a d i a t i o n  C h e m i s t r y  R e s e a r c h  E s t a b l i s h m e n t  

J a p a n  Atomic E n e r k y  R e s e a r c h  I n s t i t u t e  
T a k a s a k i ,  Gunma, J a p a n  

A b s t r a c t  

The p r e p a r a t i o n  and u s e  o f  i m m o b i l i z e d  enzyme 
p a r t i c l e s  by d i s p e r s i o n  and  r a d i a t i o n  l o l y r r i e r i z a t i o n  
t e c h n i q u e  i n  p o l y u r e t h a n e  p r e p o l y m e r  u s i n g  t o l y i e n e - 2 , 4 -  
d i i s o c y a n a t e ,  2 - h y d r o ~ y e t h y l  n . e t h a c r y l a t e ,  p e n t a m e t h y -  
l e n e  g l y c o l ,  and c e i l u l a - e  a 1 . E  p r e s e n t e d .  The enzyme 
\,as a d d e d  t o  f o r m  t h e  p a r t i c l e s  (10 - 1 0 0 0  pm i n  d i ame-  
t e r )  u n d e r  s t i r r i n g  o f  t h e  m i x t u r e  c o n t a i n i n g  t h e  p r e -  
p o l y m e r  and enzyme s o l u t i o n ,  i n  iLhich t h e  enzyme was 
c o v a l e n t l y  bound t o  t h e  s u r f a c e  o f  t h e  p a r t i c l e .  The 
s i z e  o f  t h e  p a r t i c l e s  v a r i e d  w i t h  t h e  c o n c e n t r a t i o n  o f  
t h e  enzyrr,e and rrlonorrler. The e n z y n i a t i c  a c t i v i t y  o f  
t h e  p a r t i c l e s  v a r i e d  w-Lth t h e  p a r t i c l e  u i a m e t e r ,  
c o m p o s i t i o n  o f  monomer, and d i s p e r s i o n  t e n i l - e r a t u r e .  

I n t r o d u c t i o n  

Lnzymes wh ich  a re  h i g h l y  e f f i c i e n t  and  s & e c . i i ' i c  
b i o l o g i c a l  c a l . a l y s t s  g e n i  : ' Z Y ~  131 f u n c t , i o n  i n  t h e  s o l G i l e  
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110 K W K U R A  

form. Since they are difficult and costly to isolate 
in a reasonably pure form, their use in industrial 
processes is restricted, since once used, they cannot 
be conve-, i ently recovered. To overcome these limita- 
tions, various techniques have been developed to render 
enzymes water-insoluble. Among inimobilized enzyaes 
in various forms, immobilized enzymes in particle form 
are very useful for column rcaction in the continuous 
mode. Therefore, some attempts have been made to 
obtain immobilized enzyme particles by using glass 

i - 3  

beads4, styrene, acrylamide,' and acrylic monomers 7 
via methods of chmical bonding and entrapping. The 
immobilization of enzyme using mc~tal-activated contro- 
lled pore [laes was studied by Cabral et al.' and the 
stabilities of the immobilized enzyme preparations 
obtained withcut and with a crozslinking step by 17,eans 
of glutaraldehyde and tannic acid were coinl-ared. Cova- 
lent Pinding to polymeric carriers has as yet been t h e  

most thoroughly studied procedure of the immobilization 
of enzymes. With the exception of very few cases, 
tlle composition and structure of protein molecbles does 
not allow to formula.te general rules of choice of an 
adequate polymeric carrier. 
studied the choice of a suitable type of binding 
reaction for the immobilization of the giycoK,rotein 
enzyme using c=rriers ba.sed on glycidylmethacrylate and 
cellulose beads. At present immobilization of cnzyrnes 
has been carrieu out frequently on inorcanic and or,a- 
r l i c  eads. A numlsei- of papers have appeared recently 
concerning immobilization 01 enzymes, incstly on glass 
beads. ' r'owever, these immot iiization methods need 
various chenical aL(.nts to bind enzymes to the bea.ds .  

. any of the hitherto developed imruobiiib-u L1lbJirle paL.ti 
cles necessitaled long preparation times, taking two 
steps for the formation of particles and the binding of 
enzymes. 

Valentova et a1.9 liave 
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POLYURETHANE ENZYME PARTICLES 111 

I n  th i s  work, a new p r e p a r a t i o n  method f o r  i m m o k i l -  
i z e d  p a r t i c l e s  w a s  s t u d i e d  u s i n g  t o l y l e n e - 2 , 4 - d i i s o c y a n -  

a t e ,  i n  which t h e  p r e p a r a t i o n  t i m e  was s h o r t  and s t a b i l -  
i l i z i n g  r e a c e n t s  for t h e  p a . r t i c 1 . e ~  were riot n e c e s s a r y .  
The p r e s e n t  method makes i t  p o s s i b l e  t o  o b t a i n  immobi l i -  
zed enzyme p a r t i c l e s  by a s i m p l e  p r o c e s s ,  i n v o l v i n g  t h e  
f o r m a t i o n  o f  t h e  p a r t i c l e s  and t h e  b i n d i n g  of  enzymes. 

Exi, e r imen t a1 

1. K a t e r i a l s  
Tolylene-2,4-diisocyanate (TDI) , pen tan , e thy lene  

g l y c o l  ( P G ) ,  and 2 -hydroxye thy l  m e t h a c r y l a t e  (HEKA) were  
o b t a i n e d  from Wako l u r e  Chemical  I n d u s t r i e s ,  L t d .  
C e l l u l a s e  was used as enzyme f o r  i m m o b i l i z a t i o n  and o b t -  
a i n e d  i r o m  i a k u l t  h f g  C o . ,  L td .  Albumin (from e g g s ;  
k i s h i d a  Chemical  Co. ,  l t d .  ) , o l y o r y e t h y l e n e  s o r b i t a n  
m o n o s t e a r a t e  (Tween 60; Tokyo Xase i  Xogyo Co., L t d . ) ,  
p o l y v i n y l p y r r o l i d o n e  ( P i ; = l O O O O ;  K i s h i d a  Chemical  C o . ,  
L t d . )  and sodium d o d e c y l  s u l f a t e  (SDS; P i e r c e  Chemical  
Con,panyj were used  as d i s p e r s i o n  a g e n t s .  

2 .  P r e p a r a t i o n  o f  inimobil ized enzyme p a r t i c l e s  
2 . 1 .  i l i s p e r s i o n  t e c h n i q u e  i n  p o l y u r e t h a a e  pre ,o lymer  
u s i n g  TDI and HENA( or EG ) 

TDI and i,EBA were s l i g h t l y  r e a c t k d  f o r  1 - 5 u ~ i n ,  a f t e r  
which t h e  v i s c o s i t y  01 t l i c  ! , j . : t v r e  bad s l i g h t l y  i n c r e a -  
; e d .  An aqueous  s o l u t i o n  o f  enzyme w a s  added t o  t h e  
m i x t u r e  and q u i c k l y  a g i t r . i e d  w i t h  a s t i r r e r  f o r  5 min. 
A f t e r  a g i t a t i n g ,  p o l y u r e t h a n e  - enzyne p a r t i c l e s  were 
o b t a i n e d .  

TUI and HElviA were p u t  i n t o  a f l a s k  and nl ixed.  The 

2.2. R a d i a t i o n  p o l y m e r i z a t i o n  t e c h n i q u e  i n  d i s p e r s e d  
p o l y u r e t h a n e  prepolymer  u s i n n  TDI and kIEIVIA 

T D I  and HElviA were mixed ,  and a l lowed  t o  r e a c t  for 
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112 KUMAKURA 

1 - 5 min, until the viscosity of the mixture hzl' sligh- 
tly increased. 0.1 M acetate bu€fer solution, pH 4 . 5  
containing the enzyme was added to the mi?ture, in which 
the enzyme corccrtration was C.5"/ ,  and stirred vigoro- 
usly for 30 min. The flask was then c o o i ~ u  immediately 
to -7eoc .  The Y-ray irradiation (1~10 R) of the 
flask WFS carried out at -78°C f o r  1 hr. After irra- 
dir on, immobilized enzyme particles were obtained by 
warming thc: 7 . ~ :  t1Jre to room temperature. 

6 

3. hzymatic ictivity of iimobilized enzyme particles 
The durability of the enzymatic activity of immobi- 

lized enzyme particles was exanlined by rel-eating the 
batch enzyme reaction (1.0 hr at 40 O C ,  pH 4.5). The 
enzymatic activity ( 7 6 )  was obtained from the glucose 
formation ratio in immobilized enzyme particles and 
native enzymes with each batch of enzyme reaction. 
A 1.OZ carboxymethyicellulose sodium (CIv,C) solbtion con- 
taining the acetate buffer solkction was used as the 
substrate. The glucose was measured with glucose 
specific reatent, "LOD-€ODLXtt ,  obtained from hagese San- 
&yo Lo. ,  I.tu. 

Results and liiscussion 

1. iis&ersion of koiyurethane prepolymer in TdI - SElr:A 

system 

rsion of kolyurethane rrepolymer vuas studiea using 
proteins and surfactants. In eneral, t.,e polyureth- 
ane is formed by the known reaction of di- and tri- 
isocyanates and other 1 olyisocyanates with compounds 
containing aciive hydrogen such as ,glycols, poiyglycols, 
pclyester polyols: et al. This reaction inaltes 
polyurethane polymers. In the present method, it is 

The stability of the particles foriiied by the disile- 
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POLYURETHANE ENZYME PARTICLES 113 

a key point to make a stable particle from polyurethane 
prepolymer using proteins such as enzymes. TDI 
reacted easily with H E h A  to form polyurethane at room 
temperature. The aqueous solution containing Frotei- 
ns or surfactants was added to the mixture of TDI and 
HENA before the polyurethane was perfectly formed. 
The proteins, such as enzyme and albumin, were reacted 
to form the particles in the reaction mixture. 
2owevcr, particles were not formed with dispersion 
agents (surfactants) such as Tween 60, SDS, and polyvin- 
ylpyrolidone. In the presence of these disbersion 
at various concentrations (0 - 2%) and at 10% monomer 
concentration, the polyurethane prepolymer was in bulk 
form rather than particle form after mixing tLie system. 
Thus, the particles resulting from the disperfior. 01' 
polyurethane prepolymer zgpeared to have r e a c t e d  w i t h  
proteins. The formation mechanism of tile &articles 
in the present method was as follows; TDI reacts 
slightly with hENA having a hydroxyl group and gives a 
rolyurethane &repolymer, most of which have isocyanate 
groups remaining. Then, the polyurethane prepolymer 
which is added to the aqueous solution containing 
protein by agitatiyg o r  stirring, f o r m s  imriioliiized 
protein 1-articles, in whim the dispersion and t n e  
binding (immobilizing) takes place at the aarre time. 
In the present method, the polyiirethaiie preLolyiner 
appeared to L , e  dispersed by coyalent binding of the 
proteins. Therefore, when using agents. such as Tween 
b 0 ,  SDS , and polyvinylpyrolidcne instead of er,zyrne, the 
pa7,ticle:: were n o t  foraed covalently with tile polyureth- 
ane pregolyner. The polyurethane prepolymer is 
viscous and has hydrophilic i roperties, and the inc1ec.u- 

10 lar cchesion energy is very large, 8.74 kcal./mol. 
Theref or2 , tcie yolyurethane prepoiy.iier in aqueous solu- 
tion cclul3 not be dispersed by the usual dis1,ersion 
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114 KUMAKURA 

a g e a t s ,  and r a t h e r  f orined a p o l y u r e t h a n e  foam- l ike  
polymer by t h e  r e a c t i o u  w i t h  h a t e r .  The p o l y u r e t h -  
arie prepolymer  has  a h i g h e r  r e a c t i v i t y  f o r  p r o t e i n s  
h a v i n g  amino g roups  t h a n  f o r  o t h e r  compounds such  as 
w a t e r .  I n  g e n e r a l ,  i t  i s  known t h a t  t h e  o r d e r  o f  t h e  
r e a c t i v i t y  o f  i s o c y a n a t e  g r o u p s  w i t h  o t h e r  compounds 

11 i s  as follows; fim;r!i2 > R ~ N H  > H C H ~ O H )  H ~ O )  RCOOI-~.  
The f o r m a t i o n  o f  immobi l ized  enzyme p 2 . r t i c l e s  i n  t h e  
p r e s e n t  method is  based o n  t h i s  d i f i ' c r e n c e  o f  r e a c t i v i -  
t:? O f '  c o u r s e ,  t h e  p r o t e i n s  such  a s  enzymes and 
;:lbumin cou ld  p l a y  a p a r t  as d i s p e r s i o n  a g e n t s  a l s o .  
Thus,  t h e  p o l y u r e t h a n e  prepolymer  i n  t h e  aqueous  s o l u -  
t i o n  c c a t a i n i n g  t h e  py .o te ins  w a s  tl i s p e r s e d  t o  b ind  
i n i t i a i l y  more to proteins thaiito w a t e r  u n d e r  a g i t a t i o n .  

2. E f f e c t  o f  p r o t e i n  c o n c e n t r a t i o n  o n  p a r t i c l e  s i z e  
iri TDI - IlEi4A sys-tem 

The v a r i a t i o n  o f  t h e  p a r t i c l e  s i z e  of  t h e  p o i y u r -  
e thane-bound p r o t e i n s  wi th  v a r i o u s  d i s p e r s i o n  c o n d i t i -  
oris was s t u d i e d .  The r e l a t i o n s h i p  between p a r t i c l e  
d i a rue tc r  and t h e  c o n c e n t r a t i o n  of t h e  p r a t e i f i s  i s  showi 
i n  F ig .1 .  The p a r t i c l e  d i a . n e t e r  d e c r e a s e d  and t h e n  
be c arne a l x c  s t con Y t a n  t w i t h i n  c r e as i n g  t i ]  e con c en  t ra- 
t i o n  oS c e i l u l a . s e  o r  a lbumin .  A t  low p r o t e i n  corice- 
i i t r a t i o n s  (be low 0.05%)) t h e  p a r t i c l e s  were u -ns t ab le  
and l a r g e  p a r t i c l e  s i z e s .  Cn t h e  o ther ,  hand ,  
a t  h i g h  & r o t e i n  c o n c e n t r a t i o n s  (above  t. .3$) , t h e  
p a r t i c l e  diarne t e r  appea red  c c n s t a i i t  w i t h i n  e x p e r i m e n t a l  
e r r o r .  A s  can  be s e e n  i n  F i g . 1 ,  t n e  d i f f e J . e n c e  i n  
p a r t i c l e  s i z e  w a s  a f u n c t i o n  of  t h e  d i f f e r e n c e  i n  t h e  
k i n d  o f  t h e  p r o t e i n s ,  t n e  p a r t i c L e  d i a m e t e r  i n  t h e  
p r e s e n c e  of a lbumin  b e i n g  s m a l l e r  t h a n  that i n  c e l  lul- 
aoe. S i n c e  t h e  m o l e c u l a r  we igh t  o f  b o t h  a lbumin  
and ce l lu l a :3e  a r e  comparable  , 40000 - 60000 ,12'13 t h e  
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POLYURETHANE ENZYME PARTICLES 115 

I 
-0 

II!\ 0 0 

\ 
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0.2 0.4 0 . 6  0.8 
Protein concentration ( $ )  

Fig.1 Effect of protein concentration on pxticle 5ia- 
meter. Monomer ( T D I  , HEliAj csncentration; lO$(V/Vj, 
TUI/HEKA=i/l, protein; ocellulase, 0 albumin 

0 
\ 

\ 

a\*-.- 
- * \  

-P 
k 

PI d o  
0 0.5 1.0 
Enzyme concentration ( $ )  

3ig.2 Relationship between particle diarneter and 
c-n z j-me c o YLC en t r a t i on. TDI/PG=~/~; monomer 
concentration, lO%(V/V) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



116 KUMAKURA 

d i f f e r e n c e  i n  t h e  p a r t i c l e  d i a m e t e r  i n  P i g . 1  seemed t o  
be due t o  t h e  m o l e c u l a r  s t r u c t u r e  o f  t h e  p r o t e i n s .  

The e f f e c t ,  of  er,zyme c o n c e n t r a t i o n  on t h e  s i z e  o f  
t h e  p a r t i c l e s  i n  TDI - € G  s y s t e i n  ‘was examined. 
F ig .2  shows t n e  r e l a t i o n s h i p  between p a r t i c l e  d i a i n e t e r  
and enzyine c o n c e n t r a t i o n .  A s  t h e  er.zyme c o n c e n t r a -  
t i o n  was i n c r e a s e d ,  t h e  p a r t i c l e  d i a m e t e r  d e c r e a s e d  
markedly  a t  low enzyme C o n c e n t r a t i o n s  and t h e n  became 
c o n s t a n t .  A t  low enzyme c o n c e n t r a t i o n s  below 0.05%, 
t n e  p a r t i c l e s  were u n s t a b l e .  A s  enzyme concer1tra.t- 
i o n  i n c r e a s e d ,  p a r t i c l e s  w i t h  a d i a n e t e r  o f  PO p n  were 
formed i n  t h e  absence  o f  a d i s p e r s i n g  a g e n t .  Thi  E 

; ra lue o f  th.e p a r t i c l e  s i z e  was smaller t h a n  t h a t  of  
t h e  p a r t i c l e  s i z e  i n  T D I  - HENA sys t em.  

3. E f f e c t  o f  inonon.er concen t r a . t i on  on p a r t i c i e  s i z e  
i n  T D I  - BEMA ( o r  PG) sys tem 

The r e l e t i o n s h i p  between p a r t i c l e  d i e m e t e r  and 
monomer c o n c e n t r a f i o n  i s  shown i n  F i g . 3 .  The p a r t -  
i c l e  d ia ine tep  l r i c r eased  w i t h  i n c - e a s i n g  ;norromer concen- 
t r a t i o n .  A t  h i g h  mcnonier c o n c e n t r a t i o n s  above ca.. 
3076, t h e  f o n n a t i o i i  of  small p a r t i c l e s  was j r p o s s i h l e ,  
because  o f  t;ie co2 ,gula t ion  o f  t h e  .. a r t i c l e s .  It  i s  
c o n s i d e r e d  t h a t  t n i s  l i m i t a t i o n  of i ne  fo r ina t ion  o f  
s t a b l e  p a r t i c l e s  v a r i e d  w i t h  t h e  c o n c e n t r a t i o n  o f  t h e  
enzyme. The r e s u l t s  i n  E’ig.3 s u t g e s t  t h a t  t h e  
s u r f a c e  of  the  p a r t i c l e s  with t h e  d i a n e t e r  of  “ a .  1 m a  
i s  covered  by t h e  enzymes i n  l a r g e  q u a r t i t y ,  which 
overcoines t h e  molecular c o h e s i o n  erlergy of  t h e  p o l y u e -  
t h a n e  prepolymer .  The immobil ized enzyme p a r t i c l e s  
which were immedia t e ly  formed by t he  d i s p e r s i o n  b e r e  
i n  a r e l a t i v e l y  s o f t  s t a t e ,  and became g r a d m l l y  more 
r i g i d  d u r i n g  t h e  p o l y m e r i z a t i o n ,  which i i i h i b i t e d  t h e  
u r e t h a n e - b i n d i n g  r e a c t i o n  occur r i r ig  th rough  t h e  migra-  
t i o n  of  t h e  enzyme and w a t e r  t o  t h e  i r t e r n a l  pa . r t  of  
t h e  p a r t i c l e s .  Thus , a l t h o u g h  t h e  immobil ized 
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POLYURETHANE ENZYME PARTICLES 117 

0 -  
o/ O - 

0 
Monomer concentration (%, 

I 
10 
I 

20 
V l  I ,  

_. k'ic. 3 
and particle diameter. TDI/HEMA=l/l; enzyme 
concentration; 0.5% 

tklationship betwee:? monomer concentration 

enzyme particles can be prepared by tkc dispersion 
technique in T31 - F J M A  systen;, the combined 
preparation of the dispersion and radiaticn polymeriz- 
ation techniques was studied to perfectly polymerize 
the vinyl group in H E F A  mononer as descraihed ii; a later 
section. 

The ezfect of monomer composition on particle size 
in TDI - fG system was studied. The particle diam- 
etcr increased and then became constapt with increasing 
EG com2onent as shown in Fig.4. The polymers from 
the reaction of T D I  with the enzyme solution ga.ve a 
bulk powder, polymers with a high concentration of the 
PG component gave a polyurethane sponge-like state. 
Thus, a 1:l corngosition of the TDI - PG system appeared 
to be suitable for the formation of the particles, sho- 
wing that one isocyanate group of TDI reacts with oge 
hyclroxyl group of E'S- though a part of PG is reacted 
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1 
TD I 0.5 PG 

Composition (mol/mol) 

Fig.4 Relationship between particle diameter and 
monomer composition. Monomer concentration, lO%(V/V); 
enzyme concentration, 1.0% 

with TDI to form p o 1 y u r t t h a . n e  prepolymer. The 
decrease of the size of the particle by decrease of FG 
component is due  tc the decrease of the formation of 
the polyurethane pepo1;rmer resulting from the reaxtion 
of YDI with PG. The relationship between particle 
and monomer (TDI and PG) concentration at a 1:l compo- 
sition is shown in Fig.5. ' The size of the particles 
increased markedly till about lO$ nionumer concentration 
and after that increased moderately with increasing 
monomer concentration. The formation of discrete 
particles at high mcmomer concentrations above 4.0% was 
impossible because coagulation of the particles then 
takes place. But, the formation cf the particles at 
high mcmomer concentrations could be possible by 
increasing the reaction time. 
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100 1- 

0 

0 I I 
0 10 20 
Monomer concentration ($, V / V )  

Fig.5 Relationship between particle diameter and 
monomer concentration. TDI/PG=~/~; enzyme 
concentration, 1.0% 

4. 3ariation of enzymatic activity with aispersion 
c (2nd it i onz  

The variation of tije enzymatic activity of immobi- 
lized enzyw ?artisles with dispersicn conditions in 
T D I  - HENA system was studied. The effect of the 
dispcreion tempera.ture on the enzyxatic a.ctivity was 
examined as a function of batch Enzyme reacticn as 
shown in Pig.5. The enzymatic activity decreased 
with iacreasing d.i.spers4on +emperature, irdicating that 
the enzyme was deactivated by the increase of tempera- 
ture. From this result, it appears that the disper- 
sion operation in the preparation of immobilized enzyne 
particles should be carried out at as low temperature 
as possible. As can be seen in Fig.6, efieymat i c 
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120 KUMAKURA 

activity did not vary with repeated batch enzyme 
reactions, indicating .that leakage ~ i '  the enzyme from 
tine particles does not take place kecause the enzymes 
are covalently bound. to the surface of the particles. 

The enzymatic activity varied .also with .the 
composition. of monomer as shown in Fig.'/. The 
maximum of the enzymatic activity was observed at the 
composition slightly rich in TDI ra'her than at an 
equivalent composition (l:l), indicating that one iso- 
cyanate group of YDI reacts equivalently with HEMA and 
the other isocyanate group of TDI reacts with the 
enzyme. Increasing the concentration of HEMA in the 
prepolymer results in decrease of enzymatic activity 
owing to the absexce of the binding site (isocyanate 
group) Thus, it was found that a composition rich 
in TDI is suitable for the formation of immobilized 
enzyme particles which have high enzymatic activity. 

t 

0 
0 5 10 15 
Batch enzyme reaction (times) 

Fig.6 Variation of enzymatic activity with repeated 
batch enzyme reaction. Monomer concentration; 
20%(V/V), dispersion temperature; 0 4 O C ,  O l O O C ,  0 2 5 O C  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYURETHANE ENZYME PARTICLES 121 

*O t 
0 1  I 
TDI 0.5 HEMA 

Composition (mol/mol) 

Fig.7 Relationship between enzymatic activity and 
monomer composition. Monomer concentration; lO%(V/V) 

5. Effect of irradiation temierature on enzyme in 
dispersion znd raaiation polymerization technique 

The immobilized enzyme particles were prepared 
with the d i s p e rs i o ri and r s d  ia.t ion po lpne r i zat i on t e cn - 
iyue, in which the effect o f  radj ation polymerization 
on the property OC the particles was studied. The 
relstionship between enzymatic activity and irradiation 
temperature is shown in r’ig.8. The enzymatic ,act.i- 
vity of immobilized enzyme particles obtaiged by 
irradiation at low temperatures was relatively high 
but the enzymatic activity decreased with increasing 
irradiation t err;pera,ture. The decrease in the 
enzymatic activity at temperature above 0 O C  is mainly 
due to the deactivation of the enzyme by irradiation. 
Th.e variation of tiie enzymatic activity of immobilized 
eiizynie particles with temperature was similar to that 
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r 
2 1  - 40 

20 
0 

-0 -0  100 

'-x I 2 

\ - 
-100 -50 0 50 
Irradiation temperature ( O C )  

Fig.8 Effect of irradiation temperature on native 
enzyme ( o ) and immobilized enzyme particles ( 0 ) .  
TDI/HEMA=~/~; monomer concentration, 1O%(V/V) 

c.f the relative activity of native enzymes. Frcm 
investiga.tions concerning the irradiation of native 
enzyme, it was found that the activity of the enzyme 
was unchanged by irradiation at temperatures below O O C .  

The HEMA used was a glass-forming monomer at low 
temreratures and it can easily be goljrmerized by irra- 
dia1,ion under these conditions. 
polymerization at low temperatures using HEMA was very 
convenient. Furthermore, using the present method, 
the coagulation of the dispersed particles during 
irradiation was avoided as the system was frozen a.t 
l o w  temperatures. 

particles seemed to be very complex, owing to the 
presence of various polprethane prepolymers. The 
followin, is proposed a.s the structure of the polymer 
chains : 

Thus, radiation 12 

The structure of the po1yn;er in immobilized enzyme 
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h H- ~n z ym e 

(1) 

123 

The polymer c h a i n s  whj ch c o n f r i b u t e  t o  t h e  3 i n a i n g  
o f  t h e  e r z y ~ e  a r e  o f  Type (1). ,Such polymer  c h a i n s  
would be found mos t ly  01; t h e  si ir l 'ace o f  t h e  p a r t i c i e s ,  
because  t h e  p a r - t i c l e s  a re  Sormed s i m u l t a n e o u s i y  w i  tYi 
t h e  b i n d i n g  o f  t h e  en.zyi;le i n  t h e  d i s p e r s i o n  s t e p .  
S i n c e  t h z  a g i t a t i o n  o f  t h e  po ly iwe thane  p reps lyn ie r  i n  
t h e  aqueous  s o l u t i c n  i s  c : ~ r r i e d  o u t  r a F i d l y ,  i t  i:; 
t h o u g h t  t h a t  polymer c h a i n s  havjn.g non-bound i s o c y a n a t e  
g r o u p s  e lx is t  p r i m a r i l y  wi th i .n  t h e  p a r t ; c l e s .  

6 .  E f f e c t  o f  p a r t i c l e  d i a m e t e r  on enzymat i c  a . c t i v i t y  
The enzymat i c  a c t i v i t y  v a r i e d  w i t h  t h e  d i a m e t e r  

o f  - the p a r t i c l e s  as shown i n  F i g . 9 ,  i n  which $he  s a n e  
amount( w e i g h t )  o f  immobi l ized  enzyme part!.cles w i t h  
va r io .us  p a r t i c l e  c i . zes  was used .  The enzymat i c  
a c t i v i t y  d e c r e a s e d  w i t h  i n c r e a s i n g  p a r t i c l e  d i a m e t e r .  
The s u r f a c e  o f  tk,e i m a o b i i i z e d  enzymo p a r t i c l e s  k.ad 
a s l i g h t l y  uneveri s t r u c t c r e .  Such a b u r u c t u r e  

f u r t h e r  i n c y e a s e s  t h e  s u r f a c e  a r e a  o f  t h e  p a r t i c l e s ,  
s o  t h a t  a l a r g e r  amourit o f  t h e  enzyme i s  imniobi:l.ized. 
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Fig.9 Effect of particle diameter on enzymatic 
activity. TDI/KEMA= 1/1 

E r o m  these results, it was found that immobilized 
enzyme particles which have various particle sizes may 
be obtained in one step which includes dispersion and 
immobilization with radiation polymerization of a 
polyurethane prepolymer, and their properties can be 
varied with the conditions of dispersion and irradia- 
tion. Ihe particles obtained by the combination 
of dispersion and radiation polymerization technique 
were of considerable rigidty. The present method 
could be used for the immobilization of various biolo- 
gical substances. 

1 ,  EI. Yiosbach, Techniques in Chemistry, J. 5. Jones 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYURETHANE ENZYME PARTICLES 125 

2 .  

3. 

4. 

5 .  

6. 

7. 

8.  

9. 

10. 
11. 

12. 
1-5. 

14. 

and D. Perlman, Eds., Interscience, New Pork, 
1976, V o l .  10, p .  969. 
C. buck, In: Enzyme and Yermentation Biotechnology, 
A. Wilseman, Ed., Halsted €ress, Vol. 1, 197'7. 
0. R. Baborsky, Ed., Immobilized Enzymes, CRC 
Press, Cleveland, OH, 1913. 
R. 0. Plason and H. H. Weetal, hiotechnol.Bioen&., 
- 16, 637, 1972. 
H. Fillipusson and W. E. Hornby, biochem. J., 120, 
215, 1970. 
F. D. Weston and S. Avrameas, biochem. Biophys. 
Res. Commun., 45, 15-14, 1973. 
h. Nilcson, H. Noshach, and Ii. Nosbach, kiochem. 
LioLhys. kcta, m, 253, 19'12. 
J. Pl. S. Cabral, J .  M. I\~ovais, and J. P. Cardoso, 
biotechnol. bioeng., 28, 2UF3, 1981. 
0. Valeiitova, PA. Flarek, 1 .  Svec, J. Stamberg, and 
Z. Vodrazka, biotechnol. bioeng., 28, 2C93, 1981. 
C .  W. bunn, J.  Eolymer Sci., 16, 323, 1955. 
J. H. Saunders, €olyurethanes Chemistry and 
Technology, Part I, Interscience, New Y o r k ,  19C2. 
E. Andrews, biochem. J., 91, 222, 1964. 
S. 11. Basu and 3. R. Whitaker, Arch.  biochem. 
biophys., 42, 12, 1957. 
hi.  Kumakura, T, Fujimura, and I. Kaetsu, bur. 
Eolym. J., 19, b21,  19P3. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


