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SUMMARY 

P o l y c a t i o n  t r e a t m e n t  o f  p r e f o r m e d  c a l c i u m  a l g i n a t e  
beads p r o d u c e d  a m a t r i x  w i t h  h i g h e r  r e s i s t a n c e  to  p h o s p h a t e  
i o n s .  The t r e a t m e n t  o f  i m m o b i l i z e d  Saaaharomyces cerevisiae 
i n  t he  c a l c i u m  a l g i n a t e  beads i n h i b i t e d  r e s p i r a t i o n  o f  t he  
e n t r a p p e d  c e l l s  b u t  d i d  n o t  r e d u c e  e t h a n o l  p r o d u c t i o n .  

INTRODUCTION 

Y e a s t s  have been i m m o b i l i z e d  i n  v a r i o u s  ways - - b y  
a b s o r p t i o n ,  e n t r a p m e n t  and c o u p l i n g  to  s u p p o r t s  ( K o l o t ,  
1 9 8 0 ) .  Among t h e  methods  used f o r  e n t r a p m e n t  g e l s  f o rmed  
f rom c a l c i u m  a l g i n a t e  have been d e m o n s t r a t e d  to be e a s i l y  
p r e p a r e d  and to  l e a v e  t he  c e l l s  i n  an a c t i v e  s t a t e  (Chee tham 
c t a l . ,  1979 ;  K i e r s t e ~  and Bucke ,  1977 ;  L a r s s o n  and Mosbach ,  
1979;  T a k a t a  e t  a l . ,  1977;  W h i t e  and P o r t n o ,  1 9 7 8 ) .  These 
g e l s ,  h o w e v e r ,  s u f f e r  f rom i n s t a b i l i t y  i n  p h o s p h a t e - c o n t a i n i n g  
m e d i a .  R e c e n t l y  we o b s e r v e d  t h a t  t r e a t m e n t  o f  p r e f o r m e d  
c a l c i u m  a l g i n a t e  g e l s  ( b e a d e d - f o r m )  w i t h  h i g h e r  m o l e c u l a r  
w e i g h t  c a t i o n i c  p o l y m e r s  l ed  t o  a s u r f a c e - c o a t e d  m a t e r i a l  
p o s s e s s i n g  i m p r o v e d  s t a b i l i t y  i n  the p r e s e n c e  o f  p h o s p h a t e ,  
as one o f  the e s s e n t i a l  componen ts  o f  many b i o l o g i c a l  
s y s t e m s .  In t h i s  c o m m u n i c a t i o n  t he  r e s u l t s  o b t a i n e d  w i t h  
s u r f a c e - c o a t e d  c a l c i u m  a l g i n a t e  beads w i t h  and w i t h o u t  
i m m o b i l i z e d  y e a s t  c e l l s  w i l l  be d e s c r i b e d .  

METHODS AND MATERIALS 

P o l y e t h y i e n e i m i n e  ( P E I )  was e i t h e r  t he  Dow p r o d u c t  
P E I - 6 0 0  or  t he  Cordova  Chemica l  ( N o r t h  Muskegeon ,  M i c h i g a n )  
p r o d u c t ,  C o r c a t  P - 6 0 0 .  

P o l y p r o p y l e n e i m i n e  h y d r o b r o m i d e  was p r e p a r e d  by 
c o n d e n s a t i o n  p o l y m e r i z a t i o n  o f  1 ,3  p r o p a n e d i a m i n e  and 
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1,3 d i b r o m o p r o p a n e  in  r e f l u x i n g  me thano l  s o l u t i o n .  The p r o -  
d u c t  was i s o l a t e d  by c o o l i n g  and e v a p o r a t i n g  the s o l v e n t ,  
f o l l o w e d  by wash ing  w i t h  me thano l  and d r y i n g  the  r e s i d u e .  

P o l y v i n y l a m i n e  h y d r o c h l o r i d e  (MW - I 0  ° )  was o b t a i n e d  
f rom Dynapol  Corp ( P a l o  A l t o ,  C a l i f o r n i a )  (Dawson e~ a l . ,  
1976 ) .  

A l l  s o l u t i o n s  o f  the c a t i o n i c  p o l y m e r s  were p r e p a r e d  
by d i s s o l v i n g  the p o l y m e r  i n  w a t e r  and a d j u s t i n g  the pH w i t h  
e i t h e r  HCI or NaOH. 

Sodium a l g i n a t e  was o b t a i n e d  e i t h e r  f rom Sigma 
Chemica l  ( S t .  L o u i s ,  Mo.)  or  f rom Ke l co  ( K e l c o g e l  HV) 
(Rahway,  N . J . ) .  Ca lc ium a l g i n a t e  beads were  p r e p a r e d  by 
d r o p p i n g  s o l u t i o n s  o f  sod ium a l g i n a t e  ( I - 4 %  w / v )  i n t o  CaCI2 
50 mM, pH 6 - 8 ) .  The beads were cu red  2 hours  i n  the  50 mM 
CaCI~ s o l u t i o n  and washed w i t h  w a t e r  f o l l o w e d  by 20 mM CaCI2 
(pH 6 - 8 )  b e f o r e  use.  A l l  beads used had d i a m e t e r s  o f  3 .0  ± 
0 . 2  mm ( a v e r a g e  o f  lO b e a d s } .  

P o l y m e r - t r e a t e d  beads were p r e p a r e d  by s t i r r i n g  p r e -  
fo rmed beads i n  aqueous s o l u t i o n s  ( p o l y m e r  c o n c e n t r a t i o n  
0.3% w / v ,  pH 6 - 8 )  f o r  a g i ven  p e r i o d  o f  t ime  and s u b s e q u e n t l y  
r i n s e d  w i t h  w a t e r  and 20 mM CaCI2 (pH 6 - 8 )  to  remove excess  
p o l y m e r .  

Yeas t  (Saccharomyces  c e r e v i s i a e  NRCC #202036)  grown 
on YM b r o t h  ( D i f c o  L a b o r a t o r i e s ,  D e t r o i t ,  M i c h i g a n ,  USA) was 
h a r v e s t e d  by c e n t r i f u g a t i o n  a f t e r  18 hours  a t  37°C.  A f t e r  
h a r v e s t i n g ,  25 gm wet  w e i g h t  was r e s u s p e n d e d  i n  s t e r i l e  tap  
w a t e r  and mixed w i t h  50 ml o f  4% w/v  sodium a l g i n a t e  ( S i g m a ) .  
The r e s u l t i n g  s u s p e n s i o n  was passed t h r o u g h  a n a r r o w  tube 
and d ropped  i n t o  CaCI2 s o l u t i o n  (50 mM, pH 6 - 8 ) .  Beads o f  
2 . 8 - 3 . 0  mm d i a m e t e r  were thus  o b t a i n e d .  A f t e r  f o r m a t i o n  the 
beads were cu red  as no ted  above.  

E t h a n o l  c o n c e n t r a t i o n s  were measured u s i n g  gas 
c h r o m a t o g r a p h y  ( H e w l e t t - P a c k a r d  Model 5730A, column c o n d i -  
t i o n s :  Chromosorb I 0 2 ,  80 -100  mesh, 6 f t  x ~ in  s t a i n l e s s  
s t e e l ,  150°C,  c a r r i e r  gas:  N2, f l o w  60 m l / m i n ,  FID d e t e c t o r .  
E t h a n o l  p r o d u c t i o n  y i e l d s  were  measured in  s o l u t i o n s  c o n t a i n -  
ing  10% w/v  g l u c o s e .  R e s p i r a t i o n  r a t e s  were t e s t e d  w i t h  a 
YSI Oxygen me te r  equ ipped  w i t h  an 02 p robe  ( C l a r k  e l e c t r o d e )  
and c o u p l e d  to a c h a r t  r e c o r d e r .  A l l  r e s p i r a t i o n  measu re -  
ments were made i n  I% w/v  g l u c o s e  s o l u t i o n  (4 ml)  u s i n g  5 
beads.  The number o f  beads was s e t  by the  a c t i v i t y  o f  the  
y e a s t  p r e p a r a t i o n  and the mete r  r e q u i r e m e n t s .  No s i g n i f i c a n t  
v a r i a t i o n  in  the measured r e s p i r a t i o n  r a t e s  when t h r e e  or 
more se t s  o f  5 beads were compared was n o t e d .  

RESULTS AND DISCUSSION 

P r o l o n g e d  t r e a t m e n t  o f  p r e f o r m e d  c a l c i u m  a l g i n a t e  
beads w i t h  c a t i o n i c  p o l y m e r s ,  e . g .  a m i n e - c o n t a i n i n g  p o l y m e r s  
such as p o l y e t h y l e n e i m i n e  ( P E I ) ,  l eads  to  the f o r m a t i o n  o f  
a s u r f a c e - c o a t e d  bead and a s t a b i l i z a t i o n  o f  the m a t r i x  when 
i n  the p r e s e n c e  o f  phospha te  ions  ( T a b l e  I ) .  Of the v a r i o u s  
c a t i o n i c  po l ymers  t e s t e d  p r e v i o u s l y  ( i . e .  p o l y e t h y l e n e i m i n e  
( P E I ) ,  p o l y p r o p y l e n e i m i n e  ( P P I ) ,  D E A E - d e x t r a n ,  p o l y v i n y l a m i n e  
(PVAmine ) ,  c a t i o n i c  s t a r c h e s )  ( K i e l l a n d  and W i l l i a m s ,  1 9 8 0 ) ,  
the most e f f e c t i v e  ones were those  c o n t a i n i n g  a h igh  charge  
d e n s i t y  p r i m a r i l y  composed o f  s e c o n d a r y  and t e r t i a r y  bases ,  
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T a b l e  1 

S t a b i l i t y  o f  P E I - T r e a t e d  and U n t r e a t e d  
C a l c i u m  A l g i n a t e  Beads i n  P h o s p h a t e  a 

T r e a t m e n t  P r o c e d u r e  T e s t  C o n d i t i o n  b 

u n t r e a t e d  c o m p l e t e l y  d i s r u p t e d  
i n  90 rain 

t r e a t e d  w i t h  
0.3% w/v  PE I ,  
24 h o u r s  a t  room 
t e m p e r a t u r e  

s t a b l e  f o r  >24 h o u r s  

apreformed beads were prepared by dropping Na 
alginate (1% solu t ion Kelcogel HVF) into 
O.l M CaClz (pH 6-8) and curing 30 min. Beads 
were water- r insed before use or treatment. 

b Beads ( I 0 )  were  p l a c e d  i n  t e s t  s o l u t i o n  
( I 0  ml)  and i n c u b a t e d  w i t h  o c c a s i o n a l  s h a k i n g .  
T e s t  s o l u t i o n :  0 . I  M Na2HPO,,  pH 8, room 
t e m p e r a t u r e  ( a p p r o x .  20°C)  . 

i . e .  PEI and PPI .  As i n d i c a t e d  by c o m b u s t i o n  a n a l y s i s  o f  
t he  d r i e d  beads the  t r e a t m e n t  c a u s e d  an i n c r e a s e  i n  t h e  
n i t r o g e n  c o n t e n t  o f  t he  beads ( 0 . 0  +- 0.2% ÷ 2 0 . 8  + 1 .0%) 
and a c o n c o m i t e n t  l o s s  o f  c a l c i u m  ( I 0 . 0  -+ 0.2% -~ 5 . 0  -+ 0 . 5 % ) .  
I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  t he  c a t i o n i c  p o l y m e r  i n  
s o l u t i o n  caused  a s h r i n k a g e  o f  t he  bead ( F i g .  I )  and f u r t h e r  
l o s s  o f  c a l c i u m °  

As a t e s t  o f  t he  e f f e c t i v e n e s s  o f  t h i s  p r o c e s s  f o r  
s t a b i l i z i n g  c a l c i u m  a l g i n a t e  beads c o n t a i n i n g  b i o l o g i c a l  
s y s t e m s  c e l l s  o f  S a c c h a r o m y c e s  c e r e v i s i a e  were  i n c o r p o r a t e d  
i n t o  t he  c a l c i u m  a l g i n a t e  ge l  as p r e v i o u s l y  d e s c r i b e d  
( K i e r s t e n  and B u c k e ,  1977 ;  L a r s s o n  and Mosbach ,  1 9 7 9 ) .  To 
c i r c u m v e n t  damage to  t he  b i o l o g i c a l  s y s t e m  by p r o l o n g e d  
t r e a t m e n t  w i t h  t he  p o l y c a t i o n i c  m a t e r i a l s  a s e r i e s  o f  s h o r t  
t r e a t m e n t  t i m e s  were  c a r r i e d  o u t  w i t h  PEI (0 .3% w / v ,  pH 7) 
and t h e i r  i m m e d i a t e  e f f e c t  on the  r e s p i r a t i o n  r a t e s  o f  t he  
i m m o b i l i z e d  y e a s t  was m e a s u r e d .  These e x p e r i m e n t s  i n d i c a t e d  
t h a t  t r e a t m e n t  t i m e s  l o n g e r  t han  I0  min l e d  to  a r e d u c t i o n  
i n  the  r e s p i r a t i o n  r a t e s  o f  the  e n t r a p p e d  y e a s t  ( V e l i k y  and 
B r e i t k r e u t z ,  1980)  . 

Various po lycat ion ic  materials were next tested for  
t he i r  e f fec t  on resp i ra t i on ,  ethanol production and s t a b i l i -  
zation of the matrix against phosphate damage. Polyethylene- 
imine (PEI) polypropyleneimine (PPI) and polyvinylamine 
(PVAmine)- treated beads were incubated in I0% glucose solu- 
t ion  and resp i ra t ion  a c t i v i t y  and ethanol production was 
measured. The resp i ra t i on  a c t i v i t y  of PEI- and PPI-treated 
beads decreased a f te r  68 hours by 46.6% and 37.5% respect ive- 
ly when compared with the i n i t i a l  a c t i v i t y  taken at 3 hours 
(adaptation t ime).  The resp i ra to ry  a c t i v i t y  of the control  
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P E I  C O N C E N T R A T I O N  ( W / V )  

F i g .  1 . Bead S h r i n k a g e  caused by I n c r e a s i n g  C o n c e n t r a t i o n s  
o f  P o l y e t h y l e n e i m i n e  ( P E I ) .  P r e f o r m e d  C a - a l g i n a t e  
beads ( l O )  were i n c u b a t e d  w i t h  v a r i o u s  aqueous s o l u  
t i o n s  o f  PEI (Dow P E I - 6 0 0 )  pH 8 ( I 0  m l ) .  Bead d i a -  
m e t e r s  were measured  and a v e r a g e d  a f t e r  120 min 
( 0 - 0 )  and 24 h o u r s  ( Q - m  ) a t  room t e m p e r a t u r e .  
A v e r a g e d  d i a m e t e r s  ( I 0  beads )  have an e r r o r  o f  0 . 2  
mm. 

Tab le 2 

E f f e c t  o f  P o l y c a t i o n  T r e a t m e n t  on the  
E t h a n o l  P r o d u c t i o n  Rates  o f  I m m o b i l i z e d  

Saccha romyces  c e r e v i s i a e  a 

T r e a t m e n t  P r o c e d u r e  b 27 h rs  
Ethanol Y ie l d  c 

44 hrs 68 hrs 

un t r e a t e d  36 .6  6 0 . 3  7 7 . 3  
PEI 37 .6  55 .5  72 .7 
PPI 4 0 . 7  59 .6  7 7 . 5  
PVAmi ne 42 .5  6 3 . 7  7 9 . 7  

a s a c c h a r o m y c e s  c e r e v i s i a e  NRCC #202036 was i m m o b i l i z e d  i n  
C a - a l g i n a t e  g e l .  Bead i n c u b a t i o n  done i n  10% g l u c o s e  
medium. E t h a n o l  p r o d u c t i o n  d e t e c t e d  by gas c h r o m a t o g r a p h y .  

b T r e a t m e n t . p r o c e d u r e ;  p o l y c a t i o n  c o n c e n t r a t i o n :  0.3% w / v ,  
pH 6 ,  10 rain e x p o s u r e ,  s t e r i l e  H20 wash to  remove e x c e s s  
p o l y c a t i  on.  

C p e r c e n t  o f  t h e o r e t i c a l  y i e l d °  
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( u n t r e a t e d )  beads and P V A m i n e - t r e a t e d  beads f e l l  by o n l y  
12.9% d u r i n g  the  same p e r i o d .  There  was no i n d i c a t i o n  t h a t  
the I0 min t r e a t m e n t  had any s i g n i f i c a n t  e f f e c t  on the 
breakdown o f  g lucose  to e t h a n o l  s i nce  the y i e l d  o f  e t h a n o l  
(% of  t h e o r e t i c a l )  remained a lmos t  unchanged a f t e r  p o l y -  
c a t i o n  t r e a t m e n t  (Tab le  2 ) .  The i n h i b i t i o n  o f  r e s p i r a t i o n  
caused by l o n g e r  PEI t r e a t m e n t s  was a l s o  d e t e c t e d  on e t h a n o l  
p r o d u c t i o n .  PEI t r e a t m e n t  (0.3% w/v )  f o r  a p e r i o d  o f  30 
m inu tes  i n h i b i t e d  i n i t i a l  r e s p i r a t i o n  by 15%. A f t e r  145 
hours the r e s p i r a t i o n  r a t e  o f  the t r e a t e d  beads had 
decreased by 60% when compared w i t h  the u n t r e a t e d  beads.  
However the t ime course  o f  e t h a n o l  p r o d u c t i o n  d u r i n g  the 
same p e r i o d  i n d i c a t e d  i n h i b i t i o n  in  the PEI t r e a t e d  beads 
but  a t  much l o w e r  degree than t h a t  d e t e c t e d  by r e s p i r a t i o n  
( F i g .  2 ) .  
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50  I00  

TIM E(hrs) 
Time course o f  e t h a n o l  c o n c e n t r a t i o n  ( v / v )  d u r i n g  
f e r m e n t a t i o n .  U n t r e a t e d  beads (o o) and PEI 
t r e a t e d  (0.3% w/v ;  30 m i n . )  beads (m a ) .  
F e r m e n t a t i o n  Medium: 10% w/v g l u c o s e ,  CaCI2.2H20 
2 .49 g / L ,  MgSO4-7H20 0.5 g / L ,  t r a c e  e l e m e n t s .  

Lowered e t h a n o l  y i e l d s  were a l s o  no ted  between PEI 
t r e a t e d  (0.3% w / v ,  I0 min) and u n t r e a t e d  beads when 
Saccharomyces c e r e v i s i a e - c o n t a i n i n g  beads were i n c u b a t e d  i n  
c o n c e n t r a t i o n s  o f  g l u c o s e  g r e a t e r  than 15% w/v  (eg -  20% w/v 
g l u c o s e ,  120 h r s ,  e t h a n o l  p r o d u c t i o n  70.0% of  t h e o r e t i c a l  
f o r  u n t r e a t e d  beads vs 63.9% f o r  t r e a t e d  beads ) .  
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