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ABSTRACT 

Enzymatic h y d r o l y s i s  o f  biomass t o  produce glucose may become f e a s i b l e  
i f  an inexpensive method t o  reuse the  enzyme can be found. Th i s  s tudy 
i n v e s t i g a t e d  one such method whereby f3-D-glucosidase (E.C. 3.2.1.21 ) was 
immobi l ized i n  ca lc ium a l g i n a t e  gel  spheres, which were shown t o  ca ta l yze  
the  h y d r o l y s i s  o f  c e l l o b i o s e  t o  glucose. There was a  l o s s  o f  49% o f  t he  
enzyme from the  a l g i n a t e  s l u r r y  du r i ng  g e l a t i o n .  A f t e r  g e l a t i o n ,  i n  t he  
s tab le  ge l  spheres, there  was a  37% r e t e n t i o n  o f  the  enzyme a c t i v i t y  t h a t  

,was a c t u a l l y  immobi l ized. The reason f o r  t he  l o s s  i n  a c t i v i t y  was inves-  
t i g a t e d  and may be caused by i n h i b i t i o n  o f  t he  enzyme w i t h i n  the  sphere 
by the  ca lc ium c a t i o n s  and the  a l g i n a t e  anions a l s o  present.  Mass t rans -  
f e r  e f f e c t s  were minimal i n  t h i s  sytem and were n o t  respons ib le  f o r  the  
a c t i v i t y  l oss .  
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1. SUMMARY 

Ce l l u l ose  i s  be ing  considered as a  poss ib le  renewable source o f  raw 
m a t e r i a l  f o r  the  produc t ion  o f  f u e l  and chemicals. I n  t h e  env is ioned 
scheme, c e l l u l o s e  i s  separated from biomass and hydro lyzed t o  glucose, 
which can be subsequently conver ted t o  f u e l  and chemicals us ing  app rop r i a te  
fermentat ions.  Hydro lys is  o f  c e l l u l o s e  can be achieved enzymat i ca l l y  
us ing  c e l l u l a s e .  However, t he  c o s t  o f  enzyme produc t ion  necess i t a tes  i t s  
recovery and reuse. Ce l l u l ase , i n  a c t u a l i t y ,  i s  a  complex o f  a t  l e a s t  
3 enzymes: endof3-gl ucanase, exof3-glucanase, and B-D-gl ucosidase. Th is  
study examines immob i l i za t i on  o f  f3-D-glucosidase produced by the  fungus 
A s p e r g i l l u s  n i g e r  i n  ca lc ium a l g i n a t e  gel  spheres. 

We have shown t h a t  f3-D-glucosidase immobi l ized i n  ca lc ium a l g i n a t e  
ge l  spheres can be used t o  hydro lyze ce l l ob iose ,  a  glucose dimer, t o  
glucose. The maximum amount o f  a c t i v i t y  entrapped i n  25 gel  spheres 
(E 0.5 m l  o f  so lub le  enzyme) was 108 m u n i t s .  A s tandard se t  o f  condi -  
t i o n s  was used f o r  comparison throughout t he  study. The ac tua l  a c t i v i t y  
o f  t h e  spheres under the  c o n d i t i o n s  was -39 m u n i t s ,  which represents  37% 
o f  t he  amount o f  t he  a c t i v i t y  a c t u a l l y  entrapped,compared w i t h  f r e e  
enzyme i n  s o l u t i o n .  The reason f o r  t h i s  l o s s  o f  a c t i v i t y  was i nves t i ga ted .  

The e x t e n t  o f  any ex te rna l  mass t r a n s f e r  e f f e c t s  was determined by 
vary ing  the  r a t e  o f  s t i r r i n g  du r i ng  the  assay. The r e s u l t s ,  however, showed 
t h a t  the  observed a c t i v i t y  was l a r g e l y  independent o f  t h e  s t i r r i n g  r a t e ,  
i n d i c a t i n g  t h a t  ex te rna l  mass t r a n s f e r  was unimportant.  

The ex ten t  o f  i n t e r n a l  mass t r a n s f e r  e f f e c t s  was determined by assay- 
i n g  the  gel-entrapped enzyme i n  two d i f f e r e n t  s i zes  o f  spheres, whose 
sur face area-to-volume r a t i o  d i f f e r e d .  I nc reas ing  the  sur face  area- to-  
volume r a t i o  o f  the  spheres d i d  n o t  r e s u l t  i n  an Increase i n  a c t i v i t y .  I t 
was concluded, t he re fo re ,  t h a t  mass t r a n s f e r  e f f e c t s  had l i t t l e  i n f l u e n c e  
on the a c t i v i t y  o f  6-D-glucosidase entrapped w i t h i n  ca lc ium a l g i n a t e  gel  
spheres. 

The i n h i b i t o r y  e f f e c t  o f  the ca lc ium c a t i o n s  and a l g i n a t e  anions ( t h e  
components o f  the  gel  m a t r i x )  was a l s o  i nves t i ga ted .  It was found t h a t  
ca lc ium i s ,  i n  f a c t ,  an i n h i b i t o r  o f  the  so lub le  f3-D-glucosidase enzyme. 
However, the i n h i b i t i o n  by ca lc ium alone was n o t  s u f f i c i e n t t o a c c o u n t  f o r  
t h e  t o t a l  l o s s  i n  a c t i v i t y  found on immobi l i za t ion .  We a l s o  found t h a t  
sodium a l g i n a t e  i n h i b i t e d  6-D-glucosidase and suggest t h a t  the  combined 
i n h i b i t o r y  e f f e c t  o f  t he  ca lc ium c a t i o n s  and anions may be respons ib le  
f o r  the l o s s  i n  a c t i v i t y .  P re l im ina ry  i n v e s t i g a t i o n  showed t h a t  s t r o n t i u m  
may be a s u i t a b l e  n o n i n h i b i t o r y  replacement anion f o r  calcium. 

The e f f e c t  o f  temperature and pH on the  a c t i v i t y  o f  the  immobi l ized 
enzyme was i nves t i ga ted .  The immobi l ized enzyme apparent ly  possessed a  
broad temperature optimum between 30 and 60°C. I n i t i a l  r e s u l t s  on the 
e f f e c t  o f  pH on a c t i v i t y  showed no increase i n  a c t i v i t y  above pH 5.0. 



2. INTRODUCTION 

2.1 Background 

Cellulose, abundantly available as a major component of municipal, 
agricultural, and forest wastes, has enormous potential utility as a 
renewable carbon source for large-scale fermentation to produce ethanol. 
Ethanol can be used as a fuel or chemical feedstock to supplement the 
nonrenewable reserves of petroleum (1 ) . Prior to fermentation, the non- 
fermentable polymer cellulose must bz hydrolyzed to its ferm~nt~ahl~ 
monomer glucose as shown in Fig, 1. This hydrnlysis, or cleavage o f  car- 
bon-oxygen-ether linkages, with the addition of water, can be catalyzed 
either by inorganic acids or by a group of enzymes known as cellulases. 

Enzymes are particularly well -sui ted to cellulose hydrolysis. The 
high degree of regularity in celluloses, where the carbon-oxygen bonds 
between successive glucose moieties are virtually a1 1 in the B-1,4-stereo- 
chemical configuration (as shown in Fig. I), make this possible. The 
cellulase known as B-1,4-glucosidase, for example, will catalyze the 
hydrolysis of this type of bond almost exclusively, so that very high 
conversions of cellulose to glucose may be possible, without the simul- 
taneous but undesirable hydrolysis of glucose to monfermentable 
by-products. Mandels gives a more detailed explanation of cellu- 
lose hydrolysis using 'cel lulase (4) .  

Economical evaluation of the enzyme-catalyzed hydrolysis of cellu- 
lose reveals that the largest single obstacle to an economically viable 
prSocess is the cost of enzyme manufacture (6). Thus, enzymes must be 
produced inexpensively or reused. 

Cellulases are produced by many microorganisms. One prolific source 
is the fungus Trichoderma reesei,which was first isolated during World 
War I1 as a major deteriorating agent of cellulosic components in military 
clothing and equipment used in tropical environments. Since T. reesei 
secretes these enzymes extra-cel lularly, cell lysis is not necessary 
during enzyme-production, resulting in low cost separation of enzymes from 
intercell ular material. However, other difficulties are encountered when 
this cellulasecomplex is used. 

?'he cel lu'lase, secreted by T. reesei, contains enzymes known as 
exo-glucanases and endo-glucanases, which synergistically break down 
insoluble cellulose chains into the glucose dimer cellobiose. The cellu- 
lase complex has 1 i ttle of the enzynle B-D-glucosidase, which catalyzes 
the further hydrolysis of cellobiose to glucose. As a res~~l t ,  in vitro 
procsses using only cellulase from T. reesei experience a rapid buildup 
in the concentration of cellobiose. This feedback in turn inhibits endo- 
and exogluconase, greatly reducing the rate of cellulose hydrolysis to 
cellobiose. To alleviate this problem, this cellulase can be enriched 
with 6-D-glucosidase, which allows greater conversion of cellob~iose to 
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glucose, e l i m i n a t i n g  i n h i b i t i o n  by c e l l o b i o s e  and improving o v e r a l l  pro-  
d u c t i v i  t y  (12). 

Endo-B- and exo-B-glucanases s t r o n g l y  adsorb d i r e c t l y  onto c e l l u l o s i c  
subs t ra tes  and may be recovered e f f i c i e n t l y  us ing  cont inuous chromato- 
g raph ic  processes (2). 8-D-glucosidase does n o t  adsorb as s t r o n g l y  and 
must be immobi l ized w i t h i n  an i n s o l u b l e  support t o  be e f f i c i e n t l y  recover-  
ab le .  

There are  t h r e e  p r i n c i p a l  methods o f  enzyme immobi l i za t ion :  covalent  
bonding o f  the enzyme on to  a  support, adsorp t ion  onto a  support,  o r  
phys i ca l  entrapment w i t h i n  a  support. Each method has advantages, and 
a1 1  have successfu l  l y  immobi 1  i z e d  B-D-glucosidase (1 2). Large-scale 
inexpensive immobi l ized emzyme processes r e q u i r e  r e G n t i o n  o f  enzyme 
s t a b i l i t y  and a c t i v i t y ,  and an inexpensive support. which i s  available in 
l a r g e  q u a n t i t i e s  and i s  compatible w i t h  fermentat ion bac te r i a .  One immo- 
b i l i z a t i o n  process p o t e n t i a l l y  capable o f  meeting these c r i t e r i a  i s  
phys i ca l  entrapment w i t h i n  ca lc ium a l g i n a t e  ge l  spheres. Th is  has been 
used success fu l l y  t o  immobi l ize o ther  enzyme systems (4) .  - 

Calcium a l g i n a t e  I s  a  n a t u r a l l y  occu r r i ng  polysacchar ide polymer, 
composed p r i m a r i l y  o f  the  ca lc ium s a l t s  o f  D-mannuronic a c i d  and 
L -gu lu ron i c  ac id.  It i s  a  major  s t r u c t u r a l  component o f  the  c e l l  w a l l s  
of brown seaweed ( c l a s s  Phaeophyceae) and i s  used i n d u s t r i a l l y  f o r  t h i c k -  
ening,  s t a b i l i z i n g ,  emuls i fy ing ,  f i lm- fo rmat ion ,  and ge la t i on .  A l g i n i c  
a c i d  i s  produced commercial ly i n  the  Uni ted States by e x t r a c t i o n  from 
the  g i a n t  ke lp ,  Macrocys t is  p y r i f e r a ,  which conta ins  rough ly  15% a l g i n i c  
a c i d  on a  d r y  weight  bas is .  The t o x i c o l o g i c a l  p r o p e r t i e s  o f  a l g i n a t e s  
have been ex tens i ve l y  i nves t i ga ted ,  and both sodium and calc ium a l g i n a t e  
a re  i nc luded  i n  t h e  l i s t  of food s t a b i l i z e r s ,  which are  genera l l y  recog- 
n i z e d  as safe (GRAS). The est imated average annual wor ld  p roduct ion  o f  
a l g i n i c  a c i d  s a l t s  i s  10,000 m e t r i c  tons ( 5 ) ,  I n  t h i s  study, water so lu-  
b l e  sodium a l g i n a t e  i s  conver ted i n t o  the  Tnsoluble calc ium a l g i n a t e  gel  
t o  en t rap  the  enzyme. The f o l l o w i n g  sec t i on  exp la ins  some o f  the  p e r t i -  
nent  theory  necessary f o r  ana lys i s  o f  t he  experimental  data. 

'['he focus of t h i s  s tudy i s  measurement of the  a c t i v i t y  o f  
B-D-glucosidase conve r t i ng  c e l l o b i o s e  t o  glucose, bo th  when f r e e  and 
immobi l ized w i t h i n  ca lc ium a l g i n a t e  gel  spheres, and q u a n t i f i c a t i o n  o f  any 
losses  i n  a c t i v i t y  which may r e s u l t  f rom i n h i b i t i o n ,  phys ica l  loss,  o r  
mass t r a n s f e r  l i m i t a t i o n s .  

2.2 Theory 

One simple y e t  general method t o  cha rac te r i ze  the  k i n e t i c s  o f  an 
enzyme-catalyzed r e a c t i o n  i s  t he  Briggs-Haldane steady-state mod i f i ca t i on  
o f  t he  Michael is-Menton equat ion  (€3). Th is  approach has found widespread 
use i n  the  reduc t i on  o f  biochemical data. Although t h i s  simple t reatment  
g ives  i n fo rma t ion  o n l y  about i n i t i a l  r a t e s  o f ' r e a c t i o n ,  i t  has the  same 
general form as more r i g o r o u s  de r i va t i ons ,  a l l o w i n g  mod i f i ca t i on  t o  account 
f o r  h igher  conversion o f  substrate,  i n h i b i t i o n ,  and m u l t i p l e  reac t i ons .  



The s imple model assumes t h a t  t h e  enzyme and subs t ra te  j o i n  r e v e r s i b l y  
t o  form an in te rmed ia te  complex, which breaks down t o  form produc t  and 
regenerates t h e  enzyme: 

where [ E l  i s  the  enzyme concent ra t ion ,  [Sa] i s  t he  subs t ra te  ( c e l l o b i o s e )  
concent ra t ion ,  [ES] i s  t he  in te rmed ia te  complex concentrat ion,  [P I  i s  t h e  
product  (g lucose)  concent ra t ion ,  and kl , k-l , and k2 a re  k i n e t i c  r a t e  
constants.  

Several s i m p l i f y i n g  assumptions were used. Enzyme and subs t ra te  were 
assumed t o  be i n  e q u i l i b r i u m  w i t h  t h e  complex, and t h e  change i n  subs t ra te  
concent ra t ion  and the  r a t e  o f  t h e  reverse  r e a c t i o n  from product  t o  com- 
p l  ex were assumed t o  be zero. 

The concent ra t ion  o f  t h e  enzyme-substrate complex was assumed t o  
r a p i d l y  a t t a i n  a constant  s teady-state value: 

d[ES 0 = = kl[E][S] - (k2  + k - l )  [ES] (2 )  

where a l l  t he  enzyme i s  assumed t o  be e i t h e r  f r e e  o r  complexed w i t h  
subs t ra te  , or': 

Combining Equations ( 2 )  and ( 3 )  g ives:  

0 = kl(CEItotal - CEsI) [S I  - (k2  + k-l ICES] 

which can be rearranged t o  g i v e  t h e  subs t ra te  concent ra t ion :  

kl LEI t o t a l  1 s I 
rES1 = k,[S] + (kp + kml) 

The r e a c t i n n  v e l o c i t y  or rate o f  product  fo rmat ion  i s  then g iven  by: 



S u b s t i t u t i n g  Eq. (5 )  i n t o  Eq. (6)  and d i v i d i n g  by kl g i v e  t h e  r e s u l t :  

Ph i s  i s  comon1.y abbreviated as: 

where 

v  max = k ~ [ E l t o t a l  

and 

I t  i s  impor tan t  t o  no te  t h a t  when [S] = k,, v  = vmax/2. 

Experimental  de terminat ion  o f  r e a c t i o n  ve l  o c i  t y  a t  several subs t ra te  
concent ra t ions  should t h e r e f o r e  g i v e  two emp i r i ca l  parameters; vmax, t h e  
maximum poss ib le  r a t e  o f  r e a c t i o n  when a l l  o f  the  enzyme i s  complexed w i t h  
subs t ra te ;  and km, the  subs t ra te  concent ra t ion  necessary f o r  h a l f  nlaxirnum 
v e l o c i t y .  

These parameters can be est imated from a  p l o t  o f  r e a c t i o n  v e l o c i t y  
versus subs t ra te  concen t ra t i on  (Fig. 2a) , b u t  t h e  hyperbol i c  na ture  o f  
t h i s  r e l a t i o n s h i p  makes accurate de terminat ion  d i f f i c u l t .  A more accurate 
method f o r  determin ing vmax and km uses the  Lineweaver-Burk p l o t  as shown 
i n  F ig .  2b. I f  t h  v e l o c i t y  eauat ion i s  recas t  i n  rec ip roca l  form, t h e  
i n t e r c e p t s  a t  [S]-? = 0 and ,v-1 = 0 r e s p e c t i v e l y  y i e l d  Vmax and km 
d i r e c t l y :  
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I n h i  b i t i o n  o f  enzyme r e a c t i o n s  takes a  number o f  forms (8).  The Lineweaver- 
Burk p l o t  can g i v e  an i n d i c a t i o n  o f  what phenomena a re  a t  work. The i n -  
f l uence  o f  t h e  presence o f  a  p a r t i c u l a r  species on vmax and k, can a l s o  i n -  
d i c a t e  i t s  i n h i b i t o r y  i n f l u e n c e  on the  enzyme and can g i v e  an i n d i c a t i o n  
o f  t h e  mechanism o f  i n h i b i t i o n .  

F i g u r e  3a i l l u s t r a t e s  simple noncompeti t ive i n h i b i t i o n  where the  
enzyme i s  i r r e v e r s i b l y  deac t iva ted  by the  i n h i b i t o r .  The i n h i b i t o r  decreases 
Vmax b u t  has no e f f e c t  on t h e  k  value. The degree o f  i n h i b i t i o n  depends 
o n l y  on t h e  i n h i b i t o r  concentraTion [I], and the  enzyme complex fo rmat ion  
r a t e  cons tant  ki, where t h e  f o l l o w i n g  r e a c t i o n  i s  assumed a t  equ i l i b r i um:  

When t h i s  r e l a t i o n s h i p  i s  s u b s t i t u t e d  i n t o  Eq. ( 2 )  and s i m p l i f i e d  i n t o  
r e c i p r o c a l  form, t h e  f o l l o w i n g  equat ion r e s u l t s :  

A t  zero i n h i  b i t o r  concent ra t ion ,  t h i s  reduces t o .  Eq. (9 ) .  

F igu re  3b i l l u s t r a t e s  s imple compet i t i ve  i n h i b i t i o n  where the  i n h i b i t o r  
and the  subs t ra te  compete f o r  a c t i v e  s i t e s  on the  enzyme. Th is  ac ts  t o  
i ncrease t h e  apparent k, r e q u i r i n g  h igher  subs t ra te  concentrat ions t o  
achieve t h e  same vmax. The rec ip roca l  form e x h i b i t i n g  t h i s  type o f  i n h i b i -  
t i o n  i s :  

I n  t h i s  s tudy t h e  enzyme i s  B-D-glucosidase, t h e  subs t ra te  i s  ce l l ob iose ,  
and the  product  i s  glucose. 
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2.3 Ob jec t ives  

As p a r t  o f  a  l a r g e r  program t o  evaluate and sca le  up the  a l .g inate 
encapsu la t ion  process, t h e  f o l l o w i n g  ob jec t i ves  were pursued: 

1. The enzymatic a c t i v i t y  o f  B-D-glucosidase from A s p e r g i l l u s  n i g e r  
entrapped i n  ca lc ium a l g i n a t e  gel spheres was measured t o  e s t a b l i s h  t h e  
causes o f  any l o s s  o f  a c t i v i t y  r e l a t i v e  t o  the  f r e e  enzyme. 

2. New immob i l i za t i on  o r  r e a c t i o n  procedures were developed t o  c i r -  
cumvent t h e  causes o f  l o s t  a c t i v i t y  o f  the  immobi l ized enzyme. 

3 .  Optimal r e a c t i o n  cond i t i ons  and immobil i zed  enzyme 1  i f e t i m e s  were 
i n v e s t i g a t e d  as a  p r e l  i m i  nary  step t o  p i l o t - p l a n t  scaleup. 

Completion o f  t he  o b j e c t i v e s  requ i red  n~anu fac tu r i ng  calc ium a1 g ina te  
ge l  spheres and q u a n t i f y i n g  t h e i r  s t a b i l i t y ,  f o l l owed  by examining i n h i b i -  
t i o n  caused by phys i ca l  l o s s  o f  the.enzyme du r ing  ge la t i on ,  by calcium, :by 
a l g i n a t e ,  and by i n t e r n a l  o r  ex terna l  mass t r a n s f e r  ( va ry ing  sphere sur face 
area o r  a g i t a t i o n ,  r e s p e c t i v e l y ) .  F i n a l l y ,  a  p re l im ina ry  i n v e s t i g a t i o n  o f  
temperature and pH was begun. 

3. EXPERIMENTAL APPARATUS AND PROCEDURES 

3.1 Chemicals and Assays 

A commercial p repa ra t i on  of B-D-glucosidase from Asperg i l l us  n i g e r  
(NOVO Labora tor ies  Inc.,  Wi l ton ,  Conn.) i n  a 200:l aqueous d i l u t i o n ,  w i t h  
10 mM sodium aceta te  added as a  b u f f e r  (pH 5.0), was used as the  enzyme 
s tock  so lu t i on .  A  100 mM aqueous s o l u t i o n  of 6-D-(+) c e l l o b i o s e  (Sigma 
Chemicals) w i t h  10 mM sodium aceta te  b u f f e r  (pH 5.0) was used as t h e  
subs t ra te  s tock s o l u t i o n .  These standard s o l u t i o n s  were used throughout 
t h e  experimental  se r i es .  

Glucose concentrat ions,  r e s u l t i n g  from convers ion o f  ce l lob iose,  were 
measured us ing  a  glucose 10 assay v i a l  (S i  ma) t h a t  conta ined hexokinase, 
glucose-6-phosphate dehydrogenase, ATP, Mga+, and NADP. An a l i q u o t  (0.1 ml )  
was added t o  1.0 m l  o f  t h e  glucose assay reagent. U l t r a v i o l e t  absorbance 
a t  340 nm was moni tored t o  determine the  concent ra t ion  o f  NADPH, which i s  
formed q u a n t i t a t i v e l y  i n  a one-to-one s t o i c h i o m e t r i c  r a t i o  w i t h  glucose. 
The r e a c t i o n  was stopped by v i r t u e  o f  t h e  d i l u t i o n  o f  t he  enzyme i n  the  
g lucose assay reagent, which a l s o  ef fected a  pH change from 4.8 t o  7.7.  
where the  6-D-glucosidase from A.niger i s  i n a c t i v e .  

The standard u n i t  f o r  r e p o r t i n g  enzyme a c t i v i t y  i s  t he  I n t e r n a t i o n a l  
U n i t  (U), which i s  de f ined as t h a t  amount o f  enzyme which ca ta lyzes  the  



fe rmenta t ion  o f  one micromole o f  p roduc t  per  minute under de f i ned  r e a c t i o n  
cond i t ions .  The def ined r e a c t i o n  c o n d i t i o n s  u s u a l l y  a re  a  f i x e d  temperature, 
opt imal  assay cond i t ions ,  and s a t u r a t i n g  concent ra t ions  o f  t h e  subs t ra tes .  
Thus, t he  s p e c i f i c  a c t i v i t y  represents vmax/mg enzyme. 

3.2 React ion Procedures and Apparatus 

The reac t i ons  f o r  each experiment were c a r r i e d  o u t  i n  t h r e e  bench-top, 
c o n s t a n t - s t i r r e d  batch reac to rs  a t  a  cons tan t  temperature o f  30°C. The 
reac to rs  were 30-ml water- jacketed f l a s k s  w i t h  magnetic s t i r r e r s ,  which 
ran  a t  a  minimum a g i t a t i o n  (120 rpm) t o  ensure m ix ing  w i t h o u t  damaging t h e  
gel  spheres. Glass covers were p laced on the  reac to rs  between sampling t o  
p r o t e c t  aga ins t  contaminat ion. 

Three reac to rs  were requ i red  t o  account f o r  U.V. absorbance c o n t r i b u -  
t i o n s  by the  enzyme and subs t ra te  present.  The f i r s t  reac tors ,  t he  
ce l lob iose- to -g lucose convers ion reac to r ,  conta ined a l i q u o t s  o f  enzyme 
and subs t ra te  so lu t i ons ,  w i t h  10 mM sodium ace ta te  b u f f e r  used t o  b r i n g  
the  t o t a l .  volume t o  5  m l  . The second and t h i r d  reac to rs  conta ined a1 i- ; -. 
quots o f  t he  s tock enzyme s o l u t i o n  and t h e  stock subs t ra te  s o l u t i o n ,  h 

respec t i ve l y ,  w i t h  10 mM sodium a c e t a t e ' b u f f e r  added t o  g i v e  a  volume o f  
5  m l .  

The absorbance values o f  t he  enzyme and subs t ra te  s o l u t i o n s  from t h e  
second and t h i r d  reac to rs  were subtracted f rom t h e  absorbance value o f  
t he  c e l l o b i o s e  convers ion r e a c t o r  t o  g i v e  t h e  t r u e  o p t i c a l  d e n s i t y  o f  t h e  
glucose i n  t h e  c e l l o b i o s e  convers ion r e a c t o r  s o l u t i o n .  The concen t ra t i on  
o f  glucase was then read f rom a  c a l i b r a t e d  l i n e a r  p l o t  o f  glucose concen- 
t r a t i o n  versus adsorbance. 

I n  assays w i t h  immobi l ized enzymes, the.number o f  spheres added t o  
t he  c e l l o b i o s e  convers ion and enzyme reac to rs  was such t h a t  t he  volume o f  
the  spheres equaled t h e  volume o f  t he  enzyme stock s o l u t i o n  added t o  t h e  
reac to rs  du r i ng  f r e e  enzyme experiments. Th i s  may have l e d  t o  some e r r o r ,  
because t h e  concent ra t ion  o f  enzyme i n  t h e  gel  sphere i s  n o t  known. Fur ther ,  
t h e  enzyme i s  n o t  a  pure chemical, and t h e r e f o r e  t h e  molar  concen t ra t i on  o f  
enzyme i n  any s o l u t i o n  i s  unknown. These u n c e r t a i n t i e s  a r e  discussed i n  
Sect. 4. 

3.3 Immob i l i za t i on  o f  8-D-Glucosidase i n  Calcium A l g i n a t e  Spheres 

sodium a l g i n a t e  (Type I V Y  Sigma Chemicals, 2% by we igh t  i n  10 mM 
sodium ace ta te  b u f f e r  .aqueous so lu t i on ,  pH 5.0) was s t i r r e d  a t  room temp- 
e r a t u r e  w i t h  a  200: l  d i l u t i o n  o f  8-D-glucosidase. The 8-D-glucosidase- 
sodium a l g i n a t e  s l u r r y  had a  honey- l i ke  consis tency (~14 ,000  cp) ( 5 ) .  
Th is  s l u r r y  was added dropwise i n t o  a  f l a s k  con ta in ing  0.5 M ca lc ium 
c h l o r i d e  aqueous s o l u t i o n  (20-mesh anhydrous, A1 1  i e d  Chemicals, i n  10 mM 



sodium ace ta te  b u f f e r ,  pH 5.0). A 1-ml G i lson pipetman w i t h  a  1-mi p i p e t  
t i p  was used t o  drop t h e  a l g i n a t e  i n t o  calc ium c h l o r i d e  s o l u t i o n  a t  a  
r a t e  o f  30 drops/min f rom a  he igh t  o f  15 cm. The average drop s i z e  was 
0.03 m l .  A  5-ml G i lson pipetman w i t h  a  5-ml p i p e t  t i p  c u t  a t  the  tape r  
o f  t h e  t i p  was used t o  make 0.21-ml spheres a t  a  r a t e  o f  10 drops/min. 
The spheres formed on c o n t a c t  w i t h  the  calc ium c h l o r i d e  so lu t i on , f l oa ted  
on t h e  s o l u t i o n  sur face f o r  15 min, then s e t t l e d  t o  the  bottom o f  t h e  
f l a s k .  Dur ing  t h i s  t ime, t h e  spheres tu rned from c lea r ,  w h i l e  f l o a t i n g ,  
t o  t r a n s l u c e n t  as the  p r e c i p i t a t i o n  r e a c t i o n  proceeded t o  completion. 

The g e l a t i o n  occurs, as shown i n  Eq. (13),  where R i s  an a l g i n a t e  
anion: 

CaC12 t Nap (soluble) --+ NaC1 + 'aR2 ( i n s o l u b l e )  (13) 

when sodium i n  t h e  water s o l u b l e  sodium a l g i n a t e  i s  replaced by calc ium 
c a t i o n s  t o  form the  water  i n s o l u b l e  calc ium a l g i n a t e  ge l .  

The spheres were s to red  i n  t h e  calc ium c h l o r i d e  supernatant a t  4°C. 
The t ime between product ion  and use va r ied  between 1  h r  and 10 days. No 
v a r i a t i o n  i n  the a c t i v i t y  o f  spheres s to red f o r  d i f f e r e n t  per iods was 
observed. P r i o r  t o  use, t he  spheres were rellloved frorn the  calc ium ch lo-  
r i d e ,  so r ted  t o  o b t a i n  approximate ly  t he  same s i z e  spheres and washed 
w i t h  d i s t i l l e d  water.  The volume o f  t he  spheres were ca l cu la ted  by 
d i f f e r e n c e  as shown i n  Appendix 9.2. 

F o u r t y p e s o f  experiments were performed t o  cha rac te r i ze  the  immobi l ized 
enzymes. The experimental  procedures a re  expla ined i n  the- nex t  f o u r  sect ions.  

3.4 Physical Loss o f  Enzyme 

Physical  l o s s  o f  enzyme from the  ge l  spheres was determined by measur- 
i n g  t h e  c a t a l y t i c  a c t i v i t y  o f  the  CaC12 supernatant s o l u t i o n  a f t e r  t h e  
spheres were removed f rom the  supernatant.  One-half m i l l i l i t e r  o f  sodium 
a l g i  nate/enzyme s l u r r y  was dropped i n t o  4.0 m l  o f  0.5 M CaCl2 and l e f t  i n  a  
r e a c t o r  f o r  1  h r  t o  complete qe la t i on .  The calc ium a l g i n a t e  gel  spheres were 
then removed, and t h e  r e a c t o r  volume was made up t o  5.0 m l  by a d d i t i o n  o f  
0.5-ml c e l l o b i o s e  s o l u t i o n  and 0.5-ml sodium aceta te  b u f f e r .  The product ion  
o f  g lucose was monitored, us ing  the  techniques descr ibed i n  Sects. 3.1 and 
3.2 t o  determine t h e  enzymatic a c t i v i t y  o f  t he  CaC12 supernatant.  

A d d i t i o n a l  experiments were performed t o  determine the  maximum amount 
of enzymatic a c t i v i t y  t h a t  may be re ta ined  i n  the  ge l  spheres. Enzyme 
concent ra t ions  o f  200: 1  and 100: 1  i n  the  sodium a1 g ina te  s l u r r y  were added 
t o  CaC12 supernatant s o l u t i o n s  con ta in ing  200: 1  and 20: 1  ( v / v )  concent ra t ions  
of enzyme. Enzyme was added t o  the  CaC12 supernatant t o  prevent  d i f f u s i o n  



o f  enzyme f rom the  spheres i n t o  t h e  supernatant.  A l l  o t h e r  r e a c t i o n  con- 
d i t i o n s  as descr ibed i n  Sects. 3.1 and 3.2 remained t h e  same. 

3.5 Enzyme I n h i b i t i o n  

The e f f e c t  o f  ca lc ium i n h i b i t i o n  on f r e e  enzyme a c t i v i t y  was de ter -  
mined by measuring the  a c t i v i t y  o f  t he  f r e e  enzyme i n  0.05, 0.1, and 0.5 M 
ca lc ium c h l o r i d e  aqueous s o l u t i o n  us ing  the  techniques exp la ined i n  Sects. 
3.1 and 3.2. The glucose concen t ra t i on  was co r rec ted  f o r  t h e  U.V. absorb- 
ance o f  0.5 M CaC12. 

The i n h i b i t i o n  o f  enzymatic a c t i v i t y  f rom a1 t e r n a t e  d i v a l e n t  a1 ka l  i n e  
metal  e a r t h  ca t i ons  was studied.  Enzyme i n  0.5 M aqueous MgC12 o r  SrC12 
was s to red  a t  4OC f o r  12 h r ,  then d i l u t e d  t o  a 200:l enzyme concen t ra t i on  
(10 mM s a l t  concent ra t ion)  and examined us ing  the  standard assay technique. 

Magnesium a l g i n a t e  i s  water-.soluble, b u t  s t ron t i um a l g i n a t e  b a l l s  were 
success fu l l y  made by adding 2% sodium a l g i n a t e  t o  0.5 M SrC12. S t ron t ium 
a l g i n a t e  g e l l e d  more s low ly  than calc ium a l g i n a t e .  The enzymatic a c t i v i t y  
of t h e  SrC12 supernatant and s t ron t i um a l g i n a t e  spheres were then examined 
us ing  t h e  standard techn iques .o f  Sects. 3.1 and 3.2. 

The e f f e c t  o f  sodium a l g i n a t e  i n h i b i t i o n  on f r e e  enzyme a c t i v i t y  was 
determined by r e a c t i n g  0.5 m l  o f  t h e  sodium alginate/enzyme s l u r r y  w i t h  
4.0 m l  o f  sodium ace ta te  b u f f e r  and 0.5 m l  subs t ra te  s o l u t i o n .  A s tandard 
assay, as descr ibed i n  Sects. 3.1 and 3.2,was then performed t o  determine 
enzymatic a c t i v i t y .  

3.6 Mass Trans fer  Cha rac te r i za t i on  

Two experiments were performed t o  q u a n t i f y  t h e  e f f e c t  o f  mass t r a n s f e r  
on immobi l ized enzymatic a c t i v i t y .  I n t e r n a l  mass t r a n s f e r  was examined 
by measuring t h e  a c t i v i t y  o f  0.5 m l  o f  ca lc ium a l g i n a t e  ge l  spheres w i t h  
r a d i i  0.176 cm and 0.331 cm a t  t he  standard r e a c t i o n  cond i t i ons .  

Ex terna l  mass t r a n s f e r  was q u a n t i f i e d  by va ry ing  t h e  amount o f  ag i -  
t a t i o n  i n  t he  r e a c t o r  vessels  f o r  i d e n t i c a l  spheres, w h i l e  moni torng t h e  
convers ion r a t e  o f  c e l l o b i o s e  t o  glucose. The approximate r o t a t i o n  speeds 
of t h e  magnetic s t i r r e r s  i n  t h e  reac to rs  were 120 and 500 rpm f o r  low and 
h i g h  a g i t a t i o n ,  r e s p e c t i v e l y ,  

3.7 Temperature and pH Op t im iza t i on  

Assays us ing  t h e  standard methods descr ibed i n  Sects. 3.1 and 3.2 
were performed t o  determine what e f f e c t  temperature and pH had on enzyme 



a c t i v i t y .  Experiments were performed a t  50, 60, 65, and 70°C compared w i t h  
30°C f o r  t h e  o t h e r  experiments. Ten m i l l i m o l a r  sodium hydroxide was used 
t o  r a i s e  t h e  pH o f  sodium aceta te  f rom the  standard o f  5.0 t o  5.5 and 6.0. 
These p r e l  im ina ry  experiments should be f o l  lowed by f u t u r e  d e t a i l e d  study 
t o  o p t i m i z e  the  process r e a c t i o n  cond i t ions .  

4. RESULTS 

4.1 Immobi l ized and Free Enzyme A c t i v i t y  

Calcium a l g i n a t e  ge l  spheres can e f f e c t i v e l y  immobi l ize 6-D-glucosidase 
f rom A. n i g e r  w i t h  r e t e n t i o n  o f  enzyme a c t i v i t y .  Our standard method o f  
immobi l i za t ion ,  descr ibed i n  Sect. 3.3, r e s u l t s  i n  r e t e n t i o n  i n  the  spheres 
o f  37% o f  t h e  enzyme a c t i v i t y  compared w i t h  the  same amount o f  f r e e  enzyme. 
T h i s  i s  shown i n  F ig.  4. The f r e e  enzyme l i n e  i s  the,average o f  f o u r  separate 
experiments; taken on separate days, t o t a l i n g  20 data po in t s .  The average 
and standard d e v i a t i o n  o f  t h e  slope o f  t he  f o u r  l i n e s  a re  211 and 15 rn u n i t s ,  
r e s p e c t i v e l y .  S i m i l a r l y ,  f o r  the  immobi l ized enzyme, the  l i n e  on Fig.  4  
i s  t h e  average o f  t h ree  separate experiments. The average and standard 
d e v i a t i o n  o f  t he  s lope a r e  39 and 8  m u n i t s ,  respec t i ve l y .  Th is  corres-  
ponds t o  an immobil i z e d  a c t i v i ' t y  o f  39 m u n i t s  i n  a  t o t a l  volume o f  gel  
spheres o f  0.5 ml,  compared w i t h  106 m u n i t s  a v a i l a b l e  i n  an equ iva len t  
amount o f  t he  f r e e  enzyme. 

I n  a d d i t i o n  t o  the  enzyme a c t i v i t y  l o s t  w i t h i n  t h e  spheres, a c t i v i t y  
i s  a l s o  l o s t  du r ing  the  sphere manufacture process. Table 1  shows the  
d i s t r i b u t i o n  o f  enzyme a c t i v i t y  between the  ge l  spheres and CaCl super- 2 natant .  Th i s  r e s u l t s  i n  a  r e t e n t i o n  o f  enzyme a c t i v i t y  w i t h i n  t e  spheres 
c a l c u l a t e d  on t h e  bas is  o f  t o t a l  enzyme used t o  be 18% o f  t he  f r e e  enzyme 
a c t i v i t y .  For ty -n ine  percent  o f  t he  t o t a l  poss ib le  a c t i v i t y  i s  l o s t  i n t o  
t h e  ca lc ium c h l o r i d e  s a l t  s o l u t i o n  p r i o r  t o  g e l a t i o n  o f  t he  spheres. A 
t o t a l  o f  211 m u n i t s  o f  enzyme a c t i v i t y  i s  present  i n  the  f r e e  enzyme 
used. An a c t i v i t y  o f  105 m u n i t s  was nieasured i n  t he  s a l t  s o l u t i o n  a f t e r  
t h e  spheres were made and removed, l eav ing  a  maximum expected a c t i v i t y  
w i t h i n  t h e  spheres o f  o n l y  106 m u n i t s  (assuming no enzyme i n a c t i v a t i o n  
i n  t h e  supernatant) .  

I 

Loss of' enzymatic a c t i v i t y ,  which occurs w i t h  the  immobi l ized enzyme, 
i s  l o g i c a l l y  d i v i d e d  i n t o  t h r e e  groups: (1  ) t h e  phys ica l  l o s s  o f  enzymatic 
a c t i v i t y  i n t o  t h e  CaCIZ supernatant so lu t i on ,  ( 2 )  t he  l o s s  o f  a c t i v i t y  
r e s u l t i n g  from i n h i b i t i o n  o r  i n a c t i v a t i o n  o f  the  enzyme which remains 
entrapped w i t h i n  the  spheres, and ( 3 )  t he  a c t i v i t y  l o s s  due t o  1  i m i t a t i o n s  
of t h e  r a t e  o f  r e a c t i o n  by mass t r a n s f e r  o f  products o r  reac tan ts  t o  the  
enzyme. These groups a re  discussed i n  the  fo l l ow ing  sect ions.  
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Tab le  1.  D i s t r i b u t i o n  of  Enzyme A c t i v i t y  

A c t i v i t y  
( u n i t s )  

% o f  T o t a l  
A c t i v i t y  

% o f  Immo- 
b i l i z e d  
A c t i v i t y  

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

SCHOOL OF CHEMICAL ENGINEERING PRACTICE 
AT 

OAK RIDGE NATIONAL LABORATORY 

ACCOUNT OF ENZYMATIC ACTIVITY 

Immob i l i zed  i n  Spheres 

L o s t  i n  CaC12 
Superna tan t  

105 

4  9 

- 

A c t i v e  

39 

19 

3 7 

T o t a l  

21 1  

100 

100 

I n a c t i v e  

6 7 

32 

6 3 



4.2 Phys ica l  Loss o f  Enzyme . 

The phys i ca l  l o s s  o f  a c t i v i t y  repo r ted  i n  Table 1  occurred w i t h i n  
t h e  f i r s t  hour a f t e r  t h e  sodium a l g i n a t e  s l u r r y  con ta in ing  t h e  enzyme 
was dropped i n t o  t h e  CaC12 supernatant.  O f  t h e  211 m u n i t s  i n  0.5 m l  of 
sodium alginate/enzyme s l u r r y ,  105 m u n i t s  were l o s t  i n t o  t he  CaC12 super- 
n a t a n t  f rom 0.5 ml o f  ca l c i um a l g i n a t e  ge l k .  T h i s  i s  49% o f  t he  a c t i v i t y  
i n  0.5 m l  o f  sodium alginate/enzyme s l u r r y .  A f t e r  s t o r i n g  t h e  gel  spheres 
f o r  12 h r  i n  t he  CaC12 supernatant  a t  4"C, t he re  was no f u r t h e r  l o s s  o f  
a c t i v i t y  i n t o  an a g i t a t e d  b u f f e r  s o l u t i o n  a t  30°C f o r  3  h r .  Thus, even 
w i t h  s u b s t a n t i a l  i n i t i a l  l o s s  o f  a c t i v i t y ,  r ep roduc ib le  k i n e t i c s  s tud ies  
can be conducted a t  a  l a t e r  t ime. 

l nc reas lng  t h e  enzyme concen t ra t i on  i n  bo th  t h e  sodium a l g i n a t e  
s l u r r y  and i n  t h e  aqueous CaC12 s o l u t i o n  r e s u l t e d  i n  an inc rease i n  t o t a l  
enzyme a c t i v i t y  remain ing w i t h i n  t h e  ge l  spheres. The r e s u l t i n g  a c t i v i t y  
i n  t h e  g e l  spheres due t o  increased enzyme concent ra t ions  a re  summarized i n  
Table 2. The corresponding a c t i v i t y  o f  enzyme d i l u t i o n s  ( i n  b u f f e r )  a r e  
shown on t h e  r i g h t .  

Table 2. Immobil i z e d  Enzyme A c t i v i t y  

Free 
0  200: 1  20:1 En z.yme 

A c t i v i t y  

200: 1  42.za 44 9 7 21 1  
, 

10O:l - 73 1  08 42zb 

a ~ t a n d a r d  cond i t i ons .  

b ~ h i s  e n t r y  i s  assumed t w i c e  t h e  a c t i v i t y  o f  t h e  200:l d i l u t i o n  a c t i v i t y .  

An a d d i t i o n  o f  200: l  d i l u t i o n  of enzyme t o  t h e  CaC12 supernatant  
inc reased t h e  immobi l ized a c t i v i t y  by 1.8 m u n i t s .  A  t e n f o l d  d i l u t i o n  
inc rease o f  enzyme i n  ca lc ium c h l o r i d e  increased t h e  amount o f  i m m o b i l i z ~ d  
a c t i v l  t y  t o  97m u n i t s .  The maximum a c t i v i t y  ob ta ined i n  0.5 m l  o f  ca lc ium 
a l g i n a t e  ge l  spheres was 108 u n i t s  a t  enzyme d i l u t i o n s  o f  100: l  and 20:1 
i n  t h e  sodium a1 g i n a t e  s l u r r y  and calc ium c h l o r i d e  supernatant,  r e s p e c t i v e l y .  
T h i s  corresponds t o  an inc rease i n  a c t i v i t y  per  u n i t  volume o f  a  f a c t o r  o f  
2.5 over  t h e  s tandard i m m o b i l i z a t i o n  technique. 



4.3 Enzyme I n h i b i t i o n  

The second major  cause o f  a c t i v i t y  l o s s  i n  t h e  ca lc ium a l g i n a t e  g e l s  
appears t o  be due t o  i n h i b i t i o n  o f  t h e  amount o f  measured a c t i v i t y  i n  t h e  
ca lc ium a l g i n a t e  ge l s .  Th i s  s tudy focused on calc ium and a l g i n a t e  i n h i -  
b i t i o n  o f  t he  f r e e  enzyme. 

Calcium I n h i b i t i o n  

Calcium c h l o r i d e  was shown t o  a c t  as a  compe t i t i ve  i n h i b i t o r  o f  t h e  
f r e e  6-D-glucosidase. Calcium c h l o r i d e  concent ra t ions  as low as 0.01 M 
i n h i b i t  t he  enzyme under t h e  cond i t i ons  o f  ou r  standard k i n e t i c  assay 
us ing  10 rnM ce l l ob iose .  The a c t i v i t y  o f  0.5 m l  o f  f r e e  enzyme i n  ca lc ium 
c h l o r i d e  i s  shown on Fig. 5a. A Lineweaver-Burk p l o t  made a t  several  
subs t ra te  concent ra t ions  i n  the  presence o f  0.5 M ca lc ium c h l o r i d e ,  com- 
pared w i t h  a  s i m i l a r  p l o t  f o r  t h e  f r e e  enzyme alone, shows t h a t  vlnax i s  
unchanged, b u t  t h a t  I(,-,, increases, i n d i c a t i n g  s imple compe t i t i ve  i n h i -  
b i t i o n  (see F ig .  5b).  aPP Since 0.5 M ca lc ium c h l o r i d e  does n o t  inc rea-  
s i n g l y  i n h i b i t  t h e  enzyme a t  concentrat i .ons g r e a t e r  than 0..1 M, t h i s  
i n d i c a t e s  t h a t  ca lc ium c h l o r i d e  i s  a  p a r t i a l l y  compe t i t i ve  i n h i b i t o r .  

4.3.2 Other A1 k a l  i n e  Ear th  Cat ions 

P re l im ina ry  experiments o f  t h e  e f f e c t  o f  o the r  a l ka l ' i ne  e a r t h  . 

ca t i ons  on t h e  a c t i v i t y  o f  f r e e  enzyme show no i n h i b i t i o n .  The a c t i v i t y  
o f  0.1 m l  o f  f r e e  enzyme w i t h  10 mM c e l l o b i o s e  i n  t h e  presence o f  0.01 M 
magnesium c h l o r i d e  and 0.01 M s t ron t i um c h l o r i d e  was measured under our  
standard assay cond i t i ons .  Magnesium and s t ron t ium,  u n l i k e  calcium, d i d  
no t  i n h i b i t  t he  a c t i v i t y  o f  f r e e  enzyme, as shown i n  Table 3. 

Table 3. A c t i v i t y  (m u n i t s )  o f  0.1 ml Free Enzyme i n  t he  
Presence o f  A l k a l i n e  Ear th  Cat ions 

CaC1 M Y C ~  S 1 x 1  2 No Cat ion  
Cat ion  (0.01 M )  (0.01 M I  (0.01 M) Present 

Enzyme 33.6 44.1 46.0 42.2 
A c t i v i t y  

Our p r e l i m i n a r y  ana l ys i s  i n d i c a t e s  t h a t  t he re  i s  l i t t l e  d i f f e r e n c e  
i n  t he  performance o f  s t ron t i um ge ls ,  as compared w i t h  ca lc ium g e l s  (see 
Table 4).  Roughly the  same amount o f  enzyme i s  measured i n  t h e  s t ron t i um 
c h l o r i d e  supernatant as i s  l o s t  i n t o  t h e  ca lc ium c h l o r i d e  supernatant.  
V i r t u a l l y  t h e  same amount o f  a c t i v i t y  i s  r e t a i n e d  i n  t h e  gel  spheres i n  
e i t h e r  case. Fu r the r  study i s  requ i red  t o  determine which c a t i o n  i s  
super io r .  



1 I I I 
F3 
0 
7 

X 

,- 6 a- 

E - 

Rate 
0 

- 
U 
3 
? 

21 1 
a 

- -  - - - - -  A 0.01 M ca lc ium . -168- . 
. .  - - - 

0.1 M ca lc ium 11.7 

0 0.5 bl c a l c i u m  114 . 

I I I 
6 0 

F i g .  5a. E f f e c t  o f  Calc ium.on A c t i v i t y  

28 = -  
0.5 M 'Calcium 

1 / V  (nmal ,'mi n-nil ) - I  
x 10-2 

L '  

-0.4 . -0.2 0 0.2 0.4 0.6 
[s]- '  (nmol/5 m1)-1 

F i g .  5b. L i neweaver-Burk P l o t  
f o r  Calciurr~ I n h i b i t i o n  

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

SCHOOL OF CHEMICAL ENGINEERING PRACTICE 
A T  

OAK RIDGE NATIONAL LABORATORY 

INHIBITION OF B-D-GLUCOSIDASE BY CALCIUM 



Table 4. Comparison o f  A c t i v i t y  D i s t r i b u t i o n  (m u n i t s )  f o r  
Sphere Manufacture Using CaC12 and SrC12 

A c t i v i t y  i n  Supernatant A c t i v i t y  i n  Spheres 

4.3.3 A l g i n a t e  I n h i b i t i o n  

The a c t i v i t y  o f  0.5 m l  o f  f r e e  enzyme i n  t he  presence o f  2.0 x  
g/ml o f  sodium a l g i n a t e  was 124 m u n i t s ,  as compared w i t h  211 m u n i t s  f o r  
f r e e  enzyme. Th i s  concen t ra t i on  corresponds t o  t h e  concen t ra t i on  o f  sodium 
a l g i n a t e  t h a t  would be i n  t h e  r e a c t o r  i f  0.5 m l  o f  ge l  spheres made o f  2% 
sodium a1 g i n a t e  d i sso l ved  complete ly  i n t o  t h e  5-ml r e a c t o r  volume. 

Th i s  i n h i b i t i o n  appears t o  be due t o  a l g i n a t e  r a t h e r  than sodium. 
The a c t i v i t y  o f  0.1 m l  o f  f r e e  enzyme i n  10 mM sodium ace ta te  b u f f e r  I- t 

was 42.2 m u n i t s ,  w h i l e  t h e  a c t i v i t y  i n  50 mM sodium ace ta te  b u f f e r  was 
40.9 m u n i t s .  Th i s  suggests t h a t  increased concent ra t ions  o f  sodium * .  

does n o t  i n h i b i t  t h e  f r e e  enzyme. 

The a l g i n a t e  may be s t e r i c a l l y  h i n d e r i n g  t h e  a c t i v e  s i t e  o f  t h e  
enzyme, o r  t he  a l g i n a t e  may be i o n i c a l l y  bonding t o  t h e  enzyme. Fur ther  
s tudy i s  requ i red  t o  e l u c i d a t e  t h e  i n h i b i t o r y  mechanism. 

4.4 Mass Trans fer  

The a c t i v i t y  measured i 'n a  standard volume o f  spheres (0.5 m l )  ag i -  
t a t e d  a t  t h e  minimum p r a c t i c a l  a g i t a t i o n  r a t e  o f  approx imate ly  120 rpm 
(magnetic s t i r  bars  b a r e l y  t u r n i n g )  was 39 m u n i t s .  The a c t i v i t y  measured 
i n  i d e n t i c a l  spheres a g i t a t e d  a t  t h e  maximum p r a c t i c a l  a g i t a t i o n  r a t e  o f  
approx imate ly  500 rpm ( fu l l y -deve loped  vo r tex  extending t o  t he  bottom o f  
t h e  r e a c t i o n  vesse l )  was 45.5 m u n i t s  (see F ig .  6a). T h i s  i s  a  good i n d i -  
c a t i o n  t h a t ,  a l though ex terna l  mass t r a n s f e r  may n o t  be n e g l i g i b l e ,  i t  i s  
n o t  a  ma jor  cause o f  t h e  l o s s  i n  enzyme a c t i v i t y  i n  t h e  ge l  spheres. The 
e f f e c t  o f  i n t e r n a l  mass tt-at'lsfet- on a c t i v i t y  was smal l .  

The a c t i v i t y  measured j n  25 smal l  spheres ( r a d i u s  0.17 cm, t o t a l  volume 
0.5 m l  , sur face  area 8.9 cm ) was 39 m u n i t s ,  w h i l e  t he  a c t i v i t y  measured 
i n  3  l a r g e  spheres ( r a d i u s  0.33 cm, t o t a l  volume 0.46 m l  , surface area 
4.1 cm*) was 45.7 m u n i t s  (see F ig .  6b.). Th i s  i n d i c a t e s  t h a t  t h e r e  i s  no 
mass t r a n s f e r  l i m i t a t i o n s  w i t h i n  t he  spheres f o r  t he  standard immobi l iza-  
t i o n  cond i t i ons .  As techniques a re  d iscovered t o  improve t h e  a c t i v i t y  
r e t a i n e d  i n  t he  spheres, f u r t h e r  s tudy w i l l  be requ i red  t o  determine i f  
mass t r a n s f e r  becomes important .  
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4.5 Temperature and pH Op t im iza t i on  

The r e l a t i v e  a c t i v i t y  as a  f u n c t i o n  o f  temperature o f  f r e e  and immo- 
b i l i z e d  enzyme i s  shown i n  F ig .  7a. I n i t i a l  r e s u l t s  show t h a t  t h e r e  i s  a  
broad opt imal  temperature range around 45°C. Th i s  i s  u n l i k e  t h e  f r e e  
enzyme which has a  narrow opt imal  temperature range around 65°C. 

The e f f e c t  o f  pH on a c t i v i t y  o f  f r e e  enzyme i s  p l o t t e d  i n  F ig .  7b. 
These da ta  show t h a t  t he  opt imal  pH f o r  maximum a c t i v i t y  occurs below 4.5. 
I n i t i a l  data on a c t i v i t y  as  a  f u n c t i o n  o f  pH f o r  immobi l ized enzyme i s  
inconc lus ive .  There appears t o  be no inc rease i n  a c t i v i t y  a t  pH g r e a t e r  
than 5.0. I t  i s  a n t i c i p a t e d  t h a t  t h e  a c t i v i t y  o f  t h e  immobi l ized enzyme 
w i l l  i nc rease a t  pHs lower than 5.0. Add i t i ona l  s tud ies  a re  requ i red  t o  
determine the  pH f o r  maximum a c t i v i t y .  

DISCUSSION OF RESULTS 

5.1 Improvements i n  Gel-Sphere Produc t ion  

Physica l  Loss 

A t  present ,  phys ica l  l o s s  o f  enzyme a c t i v i t y  i n t o  t he  CaC12 super- 
na tan t  du r i ng  sphere manufacture i s  t he  g rea tes t  s i n g l e  cause o f  d imin ished 
enzyme a c t i v i t y ,  c a l c u l a t e d  on t h e  bas i s  o f  t o t a l  enzyme added t o  t h e  sodium 
a l g i n a t e  s l u r r y  p r i o r  t o  g e l a t i o n .  However, i f  t h e  spheres a re  manufactured 
i n  a cont inuous process, enzyme l o s t  i n t o  t h e  s a l t  supernatant  cou ld  be 
p u r i f i e d  and recyc led,  o r  i t  cou ld  be a l lowed t o  b u i l d  up i n  t h e  supernatant  
u n t i l  a  l i m i t i n g  concent ra t ion  i s  achieved. I n  e i t h e r  case, t h e  f r a c t i o n  
of enzyme l o s t  i n t o  t h e  s a l t  s o l u t i o n  cou ld  be unimportant  i f  the  amount o f  
enzyme a c t i v i t y  r e t a i n e d  per.volume o f  gel  sphere i s  maximized. 

The t o t a l  amount o f  enzyme p h y s i c a l l y  remaining i n  t h e  spheres should 
be r e l a t e d  t o  t h e  amount o f  enzyme present  i n i t i a l l y  i n  t h e  s l u r r y ,  t h e  
r a t e  o f  enzyme d i f f u s i o n  o u t  o f  t h e  spheres, and t h e  r a t e  o f  g e l a t i o n  o f  
t h e  a l g i n a t e  i n  t h e  spheres by t h e  ca lc ium ions.  The i n i t i a l  enzyme con- 
c e n t r a t i o n  i s  r e l a t e d  t o  concent ra t ions  o f  enzyme i n  t h e  s l u r r y  and s a l t  
s o l u t i o n .  D i f f u s i o n  i s  r e l a t e d  t o  t h e  concen t ra t i on  o f  sodium a l g i n a t e  
i n  t he  s l u r r y  and t h e  s l u r r y  temperature (which determines t h e  s l u r r y  v i s -  
c o s i t y )  and enzyme concentrat ion,  w h i l e  t he  r a t e  o f  g e l a t i o n  i s  r e l a t e d  t o  
t he  concent ra t ion  o f  ca lc ium c h l o r i d e  i n  t he  s a l t  s o l u t i o n  and t h e  s o l u t i o n  
temperature, t he  s i z e  o f  t he  s l u r r y  d rop le t s ,  and t h e  r a t e  a t  which they  
are  added t o  t he  s a l t  s o l u t i o n .  I t  i s  probable, however, t h a t  manufactur ing 
cond i t i ons  which maximize t h e  amount o f  enzyme r e t a i n e d  i n  t h e  spheres w i l l  
a1 so maximize t h e  d i f f u s i o n a l  res is tances  t o  c e l l  ob iose and glucose move- 
ment through t h e  spheres, so t h a t  a  balance between these two e f f e c t s  may 
be necessary t o  op t im ize  o v e r a l l  p r o d u c t i v i t y .  Fu r the r  i n v e s t i g a t i o n  o f  
a1 1 t he  above v a r i a b l e s  - is  r equ i red  be fo re  scaleup can proceed. 
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K i e r s t e n  and Bucke (4 ) ,  - u s i n g  ca lc ium a l g i n a t e  gel s  t o  immobil i z e  
t h e  enzyme inu lase  (m.w. > 100,000) f o r  t he  h y d r o l y s i s  of i n u l i n  (m.w. 
= 3000 - 5000),showed t h a t  a l though subs tan t i a l  amounts o f  i nu lase  were 
l o s t  when a  1  % (w/w) aqueous sodium a l g i n a t e  s l u r r y  was added t o  a  0.1 M 
ca lc ium c h l o r i d e  s o l u t i o n ,  v i r t u a l l y  no enzyme a c t i v i t y  was l o s t  when a  
2% sodium a l g i n a t e  s l u r r y  was added t o  a  0.5 M ca lc ium c h l o r i d e  s o l u t i o n .  
I n  a d d i t i o n ,  t he  subs t ra te  i n u l i n  was ab le  t o  d i f f u s e  through t h e  ge l  
spheres made under e i t h e r  cond i t i ons .  For t h i s  reason, we chose t h e  
h ighe r  concent ra t ions  o f  sodium a l g i n a t e  and calc ium c h l o r i d e  used i n  
t h i s  study f o r  the  manufacture o f  our  ge l  spheres. 

Fu r the r  increases i n  sodium a l g i n a t e  concen t ra t i on  a r e  poss ib le  b u t  
a re  l i m i t e d  by processing cond i t i ons .  Al though t h e  s l u r r i e s  a r e  s a i d  t o  
be pseudoplast ic  f o r  shear r a t e s  between 10 - 10,000 s-1 (5 ) ,  t h e  low 
shear v i s c o s i t y  of a  2% sodium a l g i n a t e  s l u r r y  i n  water  a t -25 "~  i s  14,000 
cP (5) ,  and a  5% s o l u t i o n  i s  repo r ted  t o  be poured o n l y  w i t h  d i f f i c u l t y  , 

o u t  f a  wide-mouthed b o t t l e  (10) .  - 

Drop le t  processing cou ld  be done a t  h ighe r  temperatures o r  pressures 
t o  reduce t h e  s l u r r y  v i s c o s i t y ;  however, t h i s  i s  somewhat l i m i t e d  by i n -  
a c t i v a t i o n  o f  the'enzyme above 80°C. 

Calcium c h l o r i d e  concent ra t ion  can a l s o  be increased, s ince  t h e  
maximum s o l u b i l i t y  o f  ca lc ium c h l o r i d e  i n  water  i s  approx imate ly  5 M 
( 59  ,g/100 m l )  a t  0°C and 9  M (102- g/100 m l  ) a t  20°C ( 7 )  ; however, o n l y  
0.15 g/100 m l  o f  s o l u t i o n  o f  ca lc ium i s  requ i red  on a  s i lo ich iomet r ic  
bas i s  f o r  complete s u b s t i t u t i o n  o f  a l l  t h e  sodium i n  100 m l  o f  sodium 
a l g i n a t e  (5 )  compared w i t h  5.9 g/100 m l  (0.5 M) used i n  t h e  standard 
method. ~ g t h o d s  f o r  removal o f  any excess ca lc ium c a t i o n s  over  s t o i -  
ch iome t r i c  f rom the  ge l  spheres should be i nves t i ga ted .  

5.1.2 Maximum A c t i v i t y  Poss ib le  

The p r e l i m i n a r y  experiments i n t o  t h e  maximum poss ib le  enzyme load ing  
f o r  our  system were compl i c a t e d  by t h e  enzyme and calc ium c h l o r i d e  so lu-  
t i o n  forming a  p r e c i p i t a t e .  Poss ib ly  t h e  p r e c i p i t a t e  was the  r e s u l t  o f  
i m p u r i t i e s  i n  t he  crude enzyme prepara t ion ,  and t h e  enzyme a c t i v i t y  i n  t h e  
supernatant was unchanged. D e t a i l e d  s tud ies  a re  needed t o  determine i f  
t h i s  i s  so and why i n h i b i t i o n  o f  t h e  enzyme by ca lc ium c h l o r i d e  occurs. 

I t  appears t h a t  t he re  i s  a  maximum amount o f  enzyme t h a t  can be p u t  
i n t o  0.5 m l  o f  ca lc ium a l g i n a t e  ge l .  The ex is tence o f  a  l i m i t i n g  concen- 
t r a t i o n  f o r  a c t i v i t y  i n  0.5 m l  of ca lc ium a l g i n a t e  gel  can be understood 
on t h e o r e t i c a l  grounds, s ince  i t  i s  well-known t h a t  t he  increased chemical 
p o t e n t i a l  w i t h i n  a  swol len e las t i c -charged network can ma in ta in  a  substan- 
t i a l  concent ra t ion  g rad ien t  between t h e  i n s i d e  o f  t h e  ge l  and t h e  b u l k  
s o l u t i o n  (10 ) .  The l i m i t i n g  enzyme concen t ra t i on  i n  t h e  gel  should be 
de terminedTn f u t u r e  s tud ies .  



5.1.3 A1 t e r n a t e  Cat ions 

The experiments l i s t e d  i n  Sect. 4.3.2 i n d i c a t e d  t h a t  magnesium and 
s t r o n t i u m  d i v a l e n t  a l k a l i n e  e a r t h  ca t ions ,  which a re  above and below c a l -  
cium on t h e  p e r i o d i c  t a b l e ,  do no t  i n h i b i t  t h e  f r e e  enzyme as s t r o n g l y  as 
calcium. I n h i b i t i o n  o f  t h e  f r e e  enzyme by calc ium c h l o r i d e  i s  probably 
due t o  the  ca lc ium c a t i o n  r a t h e r  than t o  t h e  c h l o r i d e  anion. 

Magnesium a l g i n a t e  i s  repor ted  t o  be water-solubl  e  (5 ) ,  b u t  s t ron t i um 
a l g i n a t e  i s  not .  Th i s  n o n i n h i b i t i n g  s a l t  should a l l o w  manufacture o f  ge l  
spheres w i t h  improved r e t e n t i o n  o f  enzyme a c t i v i t y  i f  calc ium i s  indeed 
i n h i b i t i n g  the  immobi l ized enzymes. We have success fu l l y  made ge l  spheres 
immob i l i z i ng  B-D-glucosidase i n  s t ron t i um a l g i n a t e  b u t  have n o t  conducted 
ex tens i ve  t e s t i n g  t o  determine if st ron t i um ge ls  a r e  super io r  t o  ca lc ium 
ge ls .  Fu r the r  s tudy i s  requ i red  t o  determine t o  what degree the  enzyme i s  
i n a c t i v a t e d  by e i t h e r  ca t i on ,  the  r a t e  of a l g i n a t e  g e l a t i o n  w i t h  the  two 
ca t i ons ,  and the  d i f f u s i v i t y  o f  c e l l o b i o s e  and glucose through the  d i f -  
f e r e n t  gels .  

5.1.4 Calcium and A l g i n a t e  I n h i b i t i o n  

Sect ions  4.3.1 and 4.3.3 descr ibe the  experiments w.ith t h e  i n h i b i t i o n  
o f  ca lc ium and a l g i n a t e  w i t h  f r e e  enzyme. Use o f  these r e s u l t s  t o  e x p l a i n  
t h e  l o s s  o f  enzyme a c t i v i t y  w i t h i n  the  gel  spheres i s  t he re fo re  q u a l i t a t i v e  
a t  best ,  s ince  t h e  l o c a l  environment o f  t he  enzyme w i t h i n  the  spheres i s  
as y e t  unknown. I t  i s  a l s o  e n t i r e l y  poss ib le  t h a t  t h e  enzyme w i t h i n  - t h e  
spheres i s  somehow phys ica l  l y  i nac t i va ted ,  o r  prevented s t e r i c a l  l y  from 
ach iev ing  t h e  p rec i se  conformat ion necessary f o r  c a t a l y s i s .  Th i s  r e s u l t  
would n o t  r e a d i l y  be apparent from f r e e  enzyme s tud ies .  

The r e s u l t s  o f  t h e  study of o the r  a l k a l i n e  e a r t h  ca t i ons  i n d i c a t e  
t h a t  t h e  same amount o f  a c t i v i t y  j s  i n  the s t ron t i um c h l o r l d e  supernatant 
as i n  t h e  calc ium c h l o r i d e  supernatant.  Near ly  the  same amount o f  a c t i v i t y  
i s  r e t a i n e d  i n  t h e  ge l  spheres i n  e i t h e r  case. Although the  calc ium 
may i n h i b i t  the f r e e  enzyme more than st ront ium, i t  i s  somehow l e s s  
i n h i b i t i n g  i n  the  immobi l ized enzyme compared w i t h  s t ron t ium.  Th i s  may 
be due t o  t h e  calc ium c a t i o n s  w i t h i n  the  spheres being associated 
p r i m a r i l y  w i t h  a l g i n a t e  anions, t he re fo re  being unava i lab le  f o r  
i n h i b i t i o n .  

I n h i b i t i o n  s tud ies  o f  t h e  f r e e  enzyme by so lub le  sodium a l g i n a t e  may 
g i v e  an i n d i c a t i o r i  as t o  whether t h e  a l g i n a t e  may be i n h i b i t i n g  the  enzyme; 
however, c r o s s l i n k i n g  d u r i n g  g e l a t i o n  changes the  chemical species pres- 
en t .  Th i s  may g r e a t l y  change the mechanism of i n h i b i t i o n .  Study o f  o the r  
ge l  supports  may e l u c i d a t e  t h e  mechanism of i n h i b i t i o n ,  

5.2 Mass Trans fer  

I n t e r n a l  o r  ex te rna l  mass t rans fe r  was unimportant  f o r  t h e  r e a c t i o n  
c o n d i t i o n s  s tud ied  here. However, t h i s  conclus ion i s  n o t  genera l l y  



extendable t o  t h e  r e a c t i o n  c o n d i t i o n s  t h a t  may occur  i n  a l a r g e r - s c a l e  
process. Higher concent ra t ions  o f  subs t ra te  and product,  changes i n  
g e l a t i o n  procedures, o r  l a r g e r  spheres may make i n t e r n a l  mass t r a n s f e r  
impor tant .  Ex terna l  mass t r a n s f e r  may become impor tan t  i f  t h e  gel  
spheres are  used i n  a f ixed-bed reac to r .  Thus, du r i ng  each s tep  o f  
f u t u r e  process s tud ies ,  mass t r a n s f e r  l i m i t a t i o n s  should be charac- 
t e r i z e d  t o  a l l o w  accurate k i n e t i c  data i n t e r p r e t a t i o n .  

5.3 Process Scaleup 

A n . i n d u s t r i a 1  process w i l l  r e q u i r e  a procedure f o r  mass produc t ion  
o f  the  gel  spheres. One poss ib le  technique t o  i n v e s t i g a t e  cou ld  i n c o r -  
pora te  a p ressur ized  v i  b r a t i  ng nozzl  e  capable producing 1 arge numbers o f  
spheres o f  un i fo rm diameter (3). A study o f  t he  v a r i a b l e s  a f f e c t i n g  
g e l a t i o n  should accompany t h e  prev ious  study t o  de te rm ine , the  manufac- 
t u r i n g  cond i t i ons  requ i red  t o  produce tough, durable spheres w i t h  good 
enzyme r e t e n t i o n .  Once spheres can be produced, a process r e a c t o r  w i l l  
need t o  be designed. 

I n t e r n a l  and ex te rna l  mass t r a n s f e r  c h a r a c t e r i z a t i o n  o f  t h e  spheres 8 .  ' .  ... 
. >  . 

can be used t o  determine what type  r e a c t o r  can be used. I f  mass t r a n s f e r  : , I  

proves unimportant,  r e l a t i v e l y  l a r g e  spheres can be used i n  a packed-bed i' ' C  

p lug - f l ow  r e a c t o r  t o  achieve h igh  product  conversion. A p o s s i b l e  h i n -  'r :: 

drance t o  u s e . o f  t h i s  type r e a c t o r  i s  end-product i n h i b i t i o n  o f  t he  enzyme :: 

by t h e  glucose produced. Two poss ib le  methods o f  e l ' imi  n a t i n g  end-product I. .. 

i n h i b i t i o n ,  by removal o f  t h e  glucose, a re  co- isomer iza t ion  o f  glucose ., ".I ,  

t o  f r u c t o s e  and co- fermentat ion o f  glucose t o  ethanol .  . i  ,.. 

I somer i za t i on  o f  glucose t o  f r u c t o s e  by glucose isomerase cou ld  
occur  w i t h  t h e  ge l  sphere i f  isomerasewere immobi l ized a long w i t h  <. I? 

f3-D-glucosidase. Fructose does n o t  i n h i b i t  6-D-gl ucosidase - (10) .  I f  
t h i s  were successful  , and mass t r a n s f e r  remained unimportant,  apacked-bed 
r e a c t o r  cou ld  s t i l l  be used. A l t e r n a t e l y ,  fe rmenta t ion  o f  t h e  glucose t o  
ethanol  could proceed us ing  Dmomonas mobi l  i s ,  a  b a c t e r i a  growing on t h e  
gel  support .  Growth o f  Z.  m o b i l i s  cou ld  i n t e r f e r e  w i t h  mass t r a n s f e r  i n  
a packed-bed reac to r .  Th i s  process cou ld  be successful  i f  a tapered 
f l u i d - b e d  b i o r e a c t o r  were s u b s t i t u t e d  f o r  t he  packed-bed. Z. m o b i l i s  
has been grown success fu l l y  i n  t h i s  type  o f  r e a c t o r  us ing  an ion  exchange 
r e s i n  as a suppor t  (3, Th is  u n i f i e d  approach cou ld  e f f e c t i v e l y  conver t  
c e l l o b i o s e  t o  ethanol i n  one p iece  o f  process equipment. 

6. CONCLUSIONS 

1. B-D-glucosidase was immobi l ized i n  ca lc ium a l g i n a t e  ge l  spheres 
t o  o b t a i n  a maximum a c t i v i t y  o f  108 m un i t s /0 .5  m l  o f  ge l  when a 20:1 
enzyme d i l u t i o n  wasadded t o  t h e  CaC12 supernatant and a 100: l  enzyme 
d i l u t i o n  wasadded t o  a 2% sodium a l g i n a t e  s l u r r y .  



2. Fo r t y -n ine  percent  o f  the  enzyme a c t i v i t y  was measured i n  t h e  
i n i t i a l l y  enzyme-free CaC1 2 supernatant a f t e r  sphere g e l a t i  on (1 ess than 

. 10 m i  n )  . Th is  may mean t h a t  we1 1  over  50% o f  the  enzyme 1  eaches from 
the  ge l  d u r i n g  g e l a t i o n .  The exact  amount i s  unknown s ince some o f  t he  
enzyme i n  t h e  supernatant  i s  i n a c t i v a t e d  by calcium. 

3 .  Calcium and a l g i n a t e  i n h i b i t  t he  h y d r o l y s i s  o f  c e l l o b i o s e  by 
8-D-glucosidase i n  f r e e  s o l u t i o n ,  I t  i s  n o t  known i f  these s~rhstances 
a i  so i n h i b i t  t he  enzyme immobi l ized w i t h i n  t h e  ge l .  

4. For  t he  c o n d i t i o n s  o f  t h i s  study, mass t r a n s f e r  d i d  n o t  i n h i b i t  
immobi 1  i z e d  enzyme a c t i v i t y .  

7. RECOMMENDATIONS 

1  . Determi ne t h e  immobil i z e d  enzyme 1 oading ' t h a t  g ives the  maximum 
amount o f  a c t i v i t y  pe r  volume o f  ca lc ium a l g i n a t e  ge l .  

2. Compl e t e l y  cha rac te r i ze  t h e  k i n e t i c  behavior o f  8-D-gl ucos i  dase 
immobi l ized i n  ca lc ium a l g i n a t e  gels, i n c l u d i n g  i n h i b i t i o n  a t  h igh  product  
conversions. 

3 .  Compare s t ron t i um w i t h  calc ium f o r  a l g i n a t e  ge la t i on .  

4. I n v e s t i g a t e  t h e  k i n e t i c  behavior  o f  f3-D-glucosidase when g l  ucose 
i n h i b i t i o n  i s  removed by glucose fermentat ion o r  i Somerizat-inn t o  f r uc tose .  

5. Determine the  r e a c t o r  design and r e a c t o r  cnndit. inn5 necessary t o  
maximize t h e  h y d r o l y s i s  o f  c e l  l ob iose  by immobi l ized 6-D-gl ucosidase 
The c o n d i t i o n s  i n c l u d e  temperature, pH, feed concentrat ion,  and f l o w  ra te .  
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9. APPENDIX 

9.1 Locat ion  o f  O r i g i n a l  Data 

The o r i g i n a l  da ta  a r e  l oca ted  i n  ORNL Databooks A-9182-G, pp. 68-100, 
and A-9909-G, pp. 1-27, on f i l e  a t  t h e  MIT School o f  Chemical Engineer ing 
P rac t i ce ,  Bldg. 1505, ORNL. 

9.2 Sample Ca lcu la t i ons  

9.2.1 Spectrophotometry 

Beckman DU and Var ian Cary 219 spectrophotometers were used t o  de- 
termine t h e  absorbance o f  t h e  r e a c t o r  sample. The o p t i c a l  d e n s i t y  (OD) 
was obta ined by c o r r e c t i n g  t h e  t e s t  sample absorbance f o r  t h e  absorbance 
due t o  t h e  enzyme, subs t ra te ,  and b u f f e r .  From t h e  o p t i c a l  dens i t y ,  t h e  
concent ra t ion  o f  g lucose was c a l c u l a t e d  from a bes t  f i t  l i n e  o f  known 
concent ra t ions  o f  glucose vs absorbance. The v e l o c i t y  o f  t he  r e a c t i o n  
(nmole glucose/ml-min) was then t h e  b e s t s - f i t  1  i n e  s lope o f  t h e  curve o f  
glucose concent ra t ion  as a f u n c t i o n  o f  t ime. Table 5 shows a sample 
c a l c u l a t i o n  o f  g lucose concent ra t ion  f rom absorbance. 

9.2.2 Gel Volume .. . . 
. I. 

The volume o f  t he  immobi l ized sphere g e l s  were c a l c u l a t e d  by d i f -  
ference. A known number of spheres were p laced i n  a graduated cy1.inder , 

w i t h  a known volume o f  water,  and t h e  volume d i f f e r e n c e  was measured. 
Th i s  volume was d i v i d e d  by t h e  number of spheres t o  g i v e  the  volume of one 
sphere:. For example, i f  133 spheres was 2.7 m l  o r  0.0203 ml /gel  sphere, 
then f o r  a 0.5-r1i1 t o t a l  volume o f  spheres, 

0.5 1111/0.0203 1111/yel sphere = 24.6 gel spheres/U. 5 m l  

Thus, 25 ge l  spheres need Lo be added t o  t h e  reac to r .  

9.3 Nomenclature 

[E) concen t ra t i on  o f  uncomgl exed enzyme, mnl / l  

[ES] concen t ra t i on  o f  enzyme-substrate complex, mol ./I 

t o t a l  t o t a l  concen t ra t i on  o f  enzyme, m o l / l  

kl,k2,k-l k i n e t i c  r a t e  constants,  s-' o r  l / ( m o l / l ) - s  



Tab1 e 5 .  D e t e m i  n a t i o n  o f  Glucose Concentrat ion 

Absorbance 

Time (min) T e s t  Enzyme (0.5 M )  Subs t ra te  (10 mM) Blank 

5 0.740 0.209 0.048 0.045 

10  1.310 0,208 0.050 . 

15 1 ,731 0.212 0.050 

o p t i c a l  d e n s i t y  = absorbance o f  t e s t  - average enzyme absorb- 

ance - average subs t ra te  absorbance + 
b lank  absorbance 

a = t e s t  - 0.210 - 0.049 + 0.045 

= t e s t  - 0.214 

O p t i c a l  d e n s i t i e s  

5 0.526 

1 0 .  1 -096 

15 1.517 

From glucose standard, nmol elm1 = OD(1901.2) - 26.2 

Glucose Concent ra t ion  (nmol/ml ) 

5 973.8 

15 2857.9 

Wi th  a zero  i n t e r c e p t ,  t h e  s lope o f  t h i s  1 i n e  i s  193.1 nmol/min-ml. 



km subs t ra te  concent ra t ion  which g i ves  h a l f  o f  maximum v e l o c i t y ,  mo.l/ l  

m u n i t s  10-3 I n t e r n a t i o n a l  Standard u n i t o f  e n z y m e a c t i v i t y ,  def ined 
i n  Sect. 3.1. 

[P I  concent ra t ion  of product,  mol /l 

[S] concen t ra t i on  o f  subs t ra te ,  mo l / l  

t t ime, s 

v d[P]/dt = r a t e  o f  product  fo rmat fon  v e l o c i t y ,  mo l / l -s  

'max maxirmm v e l o c i t y ,  mo le / l -s  
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