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ABSTRACT

M.F.Cardosi.

SOME USES OF POROUS NICKEL IN BIOTECHNOLOGY.

The work described in this dissertation was carried out 
in order to investigate the possibilities of using porous 
nickel, a sintered nickel preparation manufactured by INCO, 
both as an insoluble support to which enzymes could be 
covalently bound and as the base sensor in an amperometric 
enzyme electrode.

In the former case, techniques based around cyanuric 
chloride chemistry were developed by which enzymes were 
covalently attached to the support. This involved forming a 
stable oxide film on the surface of the porous nickel and then 
derivitizing the Ni/NiO phase with cyanuric chloride. The 
derivitized surface was characterized by Infra Red spectroscopy.

Three enzymes were successfuly immobilized to the 
porous nickel by this technique. Each was characterized in 
terms of its apparent kinetics and stability towards pH, 
temperature and storage.

In the latter case, it was found that shiny nickel
was unsuitable as an electrode material. Consequently, the

4-/3—nickel was modified with the Fe(CN)^ ' redox couple. TheD
basis of this modification was a precipitation followed by 
a surface adsorption of the insoluble salt.

Direct electron transfer between the modified electro­
de and the redox site of glucose oxidase (FAD) was not observed. 
A  mediated electron transfer however was achieved, using 
ferrocenes as the mediator.

T h e  oxidation of t h e  ferrocene at the modified 
electrode was investigated and a model was developed to explain 
t h e  findings.

Working electrodes incorporating porous nickel were



constructed and used in the electrochemical experiments# 
Much larger steady state currents were recorded using these 
electrodes than with the bulk metal ones.
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CHAPTER 1

AN INTRODUCTION TO BIOTECHNOLOGY

Biotechnology
Biotechnology is the general term which encompasses 

the various activities concerned with the application of 
living organisms, or components thereof, to industrial, 

analytical and environmental problems. As a result of 
improved enzyme isolation, immobilisation and modification 

the biotechnologist is now provided with specific biocatalysts 
which he can use under suitable conditions to tackle all of 
the above problems.
Enzymes, production and isolation

Enzymes are the proteinaceous catalysts found in all 

living cells. Their function is to accelerate the rate at 
which biochemical reactions occur. They possess a high 
degree of specificity in their reactions, showing both regio 
and stereo spec ificity. They function under mild aqueous 
conditions, usually around neutral pH and especially relevant 
to applications they maintain their activity when isolated 

from the cell.
With a few exceptions, such as papain and rennin, the 

majority of enzymes of biotechnological interest are microbial 

in origin. The reasons for this are outlined below:
i) Microorganisms can be cultivated rapidly and easily. 
Harvesting of the organisms is straightforward, usually 
requiring little more than a filtration or a centrifugation 

step .

ii) Suitable selective pressures can be applied to produce 

novel enzymes or enzymes with favourably altered kinetic
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parameters such as a decreased K for a particular substrate.
iii) Advances in genetic engineering have meant that enzymes 
can be designed with specific amino acid changes. This may 
result in increased stability or favourable kinetics. Since 
these enzymes are expressed in microorganisms they can be 
produced in large quantities.
iv) Certain microorganisms produce interesting enzymes 
extracellularly. Consequently such enzymes can be obtained 

simply by recovering the supernatant.
At present industry mainly uses crude enzyme preparations. 

However, a significant increase in the use of purified enzymes 
can be anticipated as a result of the development of large 
scale purification techniques. Familiar laboratory techniques 
such as precipitation, gel permeation chromatography, ion 
exchange and affinity chromatography have all been scaled up. 
Furthermore, new techniques such as liquid/liquid extraction 
(Kula, M.R. (1979)) and membrane selective filtration are now 
being introduced. Such developments should eventually lead 
to greater availability and a reduction in the cost of 
enzymes used in industry. In some applications, however, e.g. 
analytical uses, enzymes of a higher purity must be used. 
Enzymes in Industry

For thousands of years processes such as brewing, bread 

making and the production of cheese have involved the 
unrecognized use of enzymes. The association of enzymes 

with foodstuffs is still evident today with the food industry 
be m q  one of the larqest industrial consumers of enzymes.

'I! i e s o a r e ma i. n 1 y h y d r o 1 v t: i c e n z y me s s  u c h a s hi' - a my 1 a s  e , 
g l tie on my 1 a s e  , r e i n  i.n , p a p a i n  a n d  b a c t e r i a l  p r o t e a s e s  wh i.oh 
a ! • - ; i si  !>'  J  • a r  t d < > l a r g e '  m o l e e n i a r  w e i g h t '  s u b s  t r u  t"«> s . A
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summary of other industrial applications is shown in fig. 1.1.

The industrial usage of enzymes seems poised for a 
remarkable growth. In 1980 enzymes sales worldwide were 
reported to be $390 million, 25% up from 1979 (Katchalski- 
Katzir, E. and Freeman, A. (1982)). By 1985 it is predicted 
that enzyme sales in the USA and Western Europe will increase 
to around $500 million (O'Sullivan, D. (1981)) .
The Reaction Step

Traditionally, industrial enzymes have been used in 

batch processes with soluble substrates and soluble enzymes. 
Under these conditions, recovery and reuse of the catalyst 
is extremely difficult. Furthermore, the inactivation of the 
processing enzyme(s) may be necessary at the conclusion of 
the reaction and the altered conditions required to effect 
this inactivation may cause undesirable effects on the products 

Despite these shortcomings, however, enzymes can still 
offer a number of operational advantages over "chemical" 
processes. These are:-
i) Because of their specificity, impure substrates can be 
used in reactor vessels.

ii) There are no wasteful side reactions since substrate is 
converted to product in usually 100% yield.
iii) The reactions are carried out under mild conditions, e.g. 
pH7, 30°C in aqueous buffer. No extremes in temperature or 

pressure are required.
Immob i_l i z ed En zyme s

The problems outlined above associated with the use of 

soluble enzymes can be elegantly overcome by immobilizing 

the enzyme onto an inert support, in effect" making the enzyme
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Enzyme uses

Fig 1.1. Diagram illustrating the main industrial 
applications of enzymes.

The major use of proteases is in detergents; rennins 
are used in making cheese, and other proteases are 
used to tenderize meat and in the production of pharma­
ceuticals. Amylases are used primarily to hydrolyze starch; 
other carbohydrases are used to produce invert sugar, to 
convert glucose to fructose, to hydrolyze pectic substances 
and to oxidize glucose to gluconic acid. Lipases are used 
primarily to hydrolyze fats and fatty acid esters. Catalases 
are used to decompose hydrogen peroxide.
(Diagram taken from Maugh,T.M. 1984)



A n  i m m o b i l i z e d  e n z y m e  c a n  b e  d e f i n e d  a s  a n  e n z y m e  
p h y s i c a l l y  c o n f i n e d  a n d  l o c a l i s e d  i n  c e r t a i n  d e f i n e d  
r e g i o n s  o f  s p a c e  w h i c h  r e t a i n s  i t s  c a t a l y t i c  a c t i v i t y  a n d  
c a n  b e  u s e d  e i t h e r  r e p e t i t i v e l y  o r  c o n t i n u o u s l y .

S i n c e  t h e  f i r s t  r e p o r t  o f  a n  a c t i v e  w a t e r  i n s o l u b l e  
e n z y m e  w a s  p u b l i s h e d  i n  t h e  l i t e r a t u r e  ( N e l s o n ,  J . M .  a n d  
G r i f f i n ,  E . G .  ( 1 9 1 6 ) ) ,  e n z y m e s  h a v e  b e e n  i m m o b i l i z e d  t o  a  
w i d e  r a n g e  o f  s u b s t a n c e s  r a n g i n g  f r o m  p a p e r ,  w o o d  c h i p s ,  
c r u s h e d  r e d  b r i c k ,  i o n  e x c h a n g e  r e s i n s ,  c e r a m i c  g l a s s  a n d  
s t a i n l e s s  s t e e l  ( C h i b a t a ,  I .  ( 1 9 7 8 ) ) .

I m m o b i l i z e d  e n z y m e s  c a n  b e  s u b d i v i d e d  i n t o  t w o  m a j o r  
g r o u p s .  T h i s  i s  s h o w n  s c h e m a t i c a l l y  i n  f i g .  1 . 2 .
i )  M a t r i x  e n t r a p p e d

E n t r a p m e n t  i s  c a r r i e d  o u t  i n  p o l y m e r i c  g e l s  s u c h  a s  
p o l y a c r y l a m i d e .  T h e  e n z y m e  i s  u s u a l l y  a d d e d  t o  t h e  g e l l i n g  
s o l u t i o n  j u s t  p r i o r  t o  p o l y m e r i z a t i o n  s o  t h a t  t h e  e n z y m e  
b e c o m e s  e n t r a p p e d  i n  t h e  g e l  v o l u m e .  T h e  t e c h n i q u e  i s  
r e l a t i v e l y  i n e x p e n s i v e  a n d  e a s y  t o  p e r f o r m ,  a l t h o u g h  i n  s o m e  
i n s t a n c e s  t h e  p o l y m e r i z a t i o n  m a y  i n a c t i v a t e  t h e  e n z y m e .  
F u r t h e r m o r e  s u b s t r a t e s ,  c o f a c t o r s ,  e t c . ,  c a n  s o m e t i m e s  
e n c o u n t e r  d i f f u s i o n a l  p r o b l e m s  i n  t h e  g e l  m a t r i x .
i i )  M i c r o  e n c a p s u l a t i o n

T h e  e n z y m e  i s  t r a p p e d  i n  a  m e m b r a n e ,  e . g .  a  l i p o s o m e  0£  

d i a l y s i s  m e m b r a n e ,  w h i c h  p e r m i t s  t h e  free d i f f u s i o n  o f  
s u b s t r a t e ,  b u t  r e t a i n s  t h e  enzyme. T h i s  t e c h n i q u e  w o r k s  
well b u t  c a n  b e  e x p e n s i v e .
iii) Adsorption

This is by far the easiest form of immobilisation 

strategy and, as such, usually involves dipping the support 
into the enzyme solution. Such preparations, however, are
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Immobilized Enzyme.

1
[entrapped.]

2
[bound.]

matrix m icro-  
entrapped encapsu lated

adsorbed ionic covalent

F i g  1 , 2 .  D i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  t h e  t w o  
t y p e s  o f  e n z y m e  i m m o b i l i z a t i o n .  T h e  e n z y m e  c a n  
e i t h e r  b e  e n t r a p p e d  i n  a  s u i t a b l e  m a t r i x  o r  c a n  b e  
b o u n d  t o  t h e  s u p p o r t  m a t e r i a l .

c
d

Schematic representation of the different types of

immobilized enzyme prepare!i ms. 
a Covalently bound . c f.-. t rix ent pepped.
b ;>.*isorbed ♦ ■; ;• i cr-o— en e a: * s n ] j t« •< i.
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o f t e n  n o t  s t a b l e  w i t h  l e a k a g e  o f  t h e  e n z y m e  f r o m  t h e  s u p p o r t  
b e i n g  t h e  m a j o r  p r o b l e m ,
i v )  I o n i c  b i n d i n g

T h i s  i s  a n o t h e r  p o p u l a r  i m m o b i l i z a t i o n  t e c h n i q u e .  T h e  
t e c h n i q u e  i s  b a s e d  o n  t h e  f o r m a t i o n  o f  s a l t  b r i d g e s  b e t w e e n  
t h e  c h a r g e d  g r o u p s  o n  t h e  s u r f a c e  o f  t h e  e n z y m e  a n d  t h e  
c h a r g e d  g r o u p s  p r e s e n t  o n  t h e  s u p p o r t .  A g a i n ,  t h i s  t y p e  o f  
p r e p a r a t i o n  m a y  n o t  b e  v e r y  s t a b l e ,  w i t h  l e a k a g e  b e i n g  a n  
a p p r e c i a b l e  p r o b l e m ,  e s p e c i a l l y  w h e n  t h e  i n s o l u b l e  e n z y m e  i s  
u s e d  i n  s o l u t i o n s  o f  h i g h  i o n i c  s t r e n g t h ,
v )  C o v a l e n t  a t t a c h m e n t

T h i s  t e c h n i q u e  i s  b a s e d  o n  t h e  f o r m a t i o n  o f  s t a b l e  
c o v a l e n t  b o n d s  b e t w e e n  r e s i d u e s  o n  t h e  s u r f a c e  o f  t h e  e n z y m e  
a n d  f u n c t i o n a l  g r o u p s  p r e s e n t  o n  t h e  s u p p o r t .  A s  s u c h ,  i t  
r e p r e s e n t s  a  v e r y  s t a b l e  p r e p a r a t i o n  w h i c h  i s  s u i t a b l e  f o r  
c o n t i n u o u s  a p p l i c a t i o n s .

M a n y  s y n t h e t i c  p r o t o c o l s  f o r  c o v a l e n t  a t t a c h m e n t  h a v e  b e e n  
r e p o r t e d  i n  t h e  l i t e r a t u r e .  F i g .  1 . 3  o u t l i n e s  t w o  c o m m o n l y  
u s e d  p r o c e d u r e s  e m p l o y e d  t o  a t t a c h  e n z y m e s  t o  g l a s s  a n d  
p o l y  h y d r o x y  r e s i n s  s u c h  a s  S e p h a d e x .

U n f o r t u n a t e l y ,  t h e  a d v a n t a g e s  o f  t h i s  t e c h n i q u e  m u s t  b e  
b a l a n c e d  a g a i n s t  f a c t o r s  s u c h  a s ;

( a )  T h e  c h e m i s t r y  r e q u i r e d  m a y  b e  c o m p l e x  a n d  t i m e -  
c o n s u m i n g .

( b )  U n l e s s  s u i t a b l e  p r e c a u t i o n s  a r e  t a k e n ,  i n a c t i v a t i o n  
of t h e  e n z y m e  m a y  o c c u r  because t h e  e s s e n t i a l  a m i n o  a c i d s ,  
e.g. active site residues, are modified during the chemical 

reaction s t e p .
Immobilized Enzymes in Biotechnology

In terms of industrial applications a stable insoluble
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Fig 1 .3. Diagram shoving tvo methods commonly employed
for the covalent attachment of enzymes to insoluble supports.

(1 ) shows the binding of enzymes to g l a s s .through the use 
of organo-silane chemistry.

(2 ) shows the binding of enzymes to polysaccharides via 
cyanogen bromide activation.
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T h e  a v a i l a b l e  i m m o b i l i z a t i o n  t e c h n i q u e s  h a v e  e n a b l e d  a  
h i g h  d e g r e e  o f  f l e x i b i l i t y  i n  r e a c t o r  d e s i g n  s i n c e  t h e y  
h a v e  a l l o w e d  e n z y m e  i m m o b i l i z a t i o n  o n  p o l y m e r i c  s u p p o r t s  
o f  d i f f e r e n t  g e o m e t r i c  s t r u c t u r e s  s u c h  a s  p o w d e r s ,  b e a d s  
a n d  t u b e s .
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e n z y m e  p r e p a r a t i o n  c a n  o f f e r  a  n u m b e r  o f  o p e r a t i o n a l  
a d v a n t a g e s .  T h e s e  a r e  s u m m a r i z e d  b e l o w .

i )  T h e  e n z y m e  c a n  b e  u s e d  c o n t i n u o u s l y  i n  a  s u i t a b l e  
r e a c t o r  v e s s e l .  T h e  s a m e  e n z y m e  c a n  b e  u s e d  m o r e  t h a n  o n c e ,  
t h u s  m a k i n g  t h e  p r o c e s s  m o r e  c o s t  e f f e c t i v e .

i i )  T h e r e  i s  n o  c o n t a m i n a t i o n  o f  t h e  p r o d u c t  w i t h  t h e  
e n z y m e .  C o n s e q u e n t l y  t h e  p r o d u c t  c a n  b e  i s o l a t e d  f a i r l y  
e a s i l y .

i i i )  I m m o b i l i s a t i o n  o f  t h e  e n z y m e  m a y  l e a d  t o  e n h a n c e d  
s t a b i l i t y  a n d  m a y  e v e n  g i v e  r i s e  t o  i m p r o v e d  k i n e t i c  
p a r a m e t e r s .

T h e  c o s t  e f f e c t i v e n e s s  o f  u s i n g  i m m o b i l i z e d  e n z y m e s  
c a n  b e  c l e a r l y  i l l u s t r a t e d  w i t h  r e f e r e n c e  t o  t h e  i n d u s t r i a l  
p r o d u c t i o n  o f  L - a m i n o  a c i d s  u s i n g  i m m o b i l i z e d  a m i n o a c y l a s e , 
a  p r o c e s s  d e v e l o p e d  b y  t h e  T a n a b e  S e i y a k u  c o m p a n y  i n  J a p a n .

C h e m i c a l l y  s y n t h e s i z e d  a m i n o  a c i d s  a r e  r a c e m i c  m i x t u r e s  
o f  t h e  L -  a n d  D -  i s o m e r s .  T h e  L - f o r m  i s  t h e  b i o l o g i c a l l y  
a c t i v e  f o r m  w h i c h  i s  u s e d  b y  b o t h  t h e  f o o d  a n d  p h a r m a c e u t i c a l  
i n d u s t r y .  A  p r o c e s s  f o r  r e s o l v i n g  t h e  m i x t u r e  i s  t h e r e f o r e  
n e e d e d .

T h e  r e a c t i o n  c a t a l y s e d  b y  a m i n o a c y l a s e  i s  s h o w n  b e l o w .

ami noacyi  ase ’
dl-R-CHCOOH + H .O ------------ . l-R-CHCOOH + d-R-CHCOOH +  R'COOH

NUCOR'
acyl -DL-amino acid

1________

NH,
L-amino acid

( rac emi rat i on)

NHCOR'
acyl -D-amino acid

Chemically synthesized acy1-D-L-amino acids are asymmetrically 

hydrolyzed by the enzyme to give L-amino acid and acyl-D-amino 
acid. After concentration, both materials are easily separated 

on the basis of the difference in their solubilities. Acyl-D-
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[ ] DEAE-St| .h«d«» 
M M  fuel

labor

E23 aminoacylase

raw material 
J and substrate

F i g  1 . 4 .  D i a g r a m  s h o w i n g  t h e  c o m p a r i s o n  o f  p r o d u c t i o n  
c o s t s  f o r  t h e  m a n u f a c t u r e  o f  L - a m i n o  a c i d s  b y  b a t c h  
a n d  c o n t i n u o u s  p r o c e s s e s .  I n  t h e  i m m o b i l i z e d  e n z y m e  
p r o c e s s  t h e  o v e r a l l  c o s t  i s  m o r e  t h a n  40% l o w e r  t h a n  
t h a t  o f  t h e  c o n v e n t i o n a l  b a t c h  p r o c e s s  u s i n g  s o l u b l e  
e n z y m e .  S a v i n g s  o f  e n z y m e  a n d  l a b o u r  c o s t s  a r e  t h e  
m a i n  c o n t r i b u t o r s , a s  w e l l  a s  t h e  i n c r e a s e  o f  p r o d u c t  
y i e l d  d u e  t o  e a s y  i s o l a t i o n  o f  L - a m i n o  a c i d s  f r o m  t h e  
r e a c t i o n  m i x t u r e .
( D a t a  a d a p t e d  f r o m  C h i b a t a , ! .  1 9 7 8 . )
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a m i n o  a c i d  i s  r a c e m i z e d  a n d  r e u s e d  i n  t h e  e n s u i n g  r e s o l u t i o n  
p r o c e d u r e  ( C h i b a t a ,  I .  ( 1 9 7 8 ) ) .  A  b r e a k - d o w n  i n  t h e  o v e r a l l  
p r o d u c t i o n  c o s t s  u s i n g  a  b a t c h  p r o c e s s  w i t h  s o l u b l e  a n d  
i n s o l u b l e  e n z y m e  i s  s h o w n  i n  f i g .  1 . 4 .

T h e  m o s t  s u c c e s s f u l  l a r g e  s c a l e  i n d u s t r i a l  a p p l i c a t i o n  
e m p l o y i n g  i m m o b i l i z e d  e n z y m e  t e c h n o l o g y  i s  t h e  p r o d u c t i o n  o f  
h i g h  f r u c t o s e  c o r n  s y r u p  b y  t h e  p a r t i a l  i s o m e r i z a t i o n  o f  
g l u c o s e  d e r i v e d  f r o m  s t a r c h .  T h e  e n z y m e  e m p l o y e d  i s  G l u c o s e  
i s o m e r a s e ,  i m m o b i l i z e d  b y  i o n i c  b i n d i n g  t o  D E A E  c e l l u l o s e .
T h e  p r o c e s s  y i e l d s  a  h i g h  f r u c t o s e  c o r n  s y r u p  w h i c h  i s  u s e d  
a s  a  s w e e t e n e r  i n  t h e  U . S . A . ,  J a p a n  a n d  E u r o p e  ( O ' S u l l i v a n ,  D .  
( 1 9 8 1 ) ) .

I n  o t h e r  a r e a s ,  i m m o b i l i z e d  e n z y m e s  h a v e  f o u n d  p a r t i c u l a r  
a p p l i c a t i o n  i n  a n a l y t i c a l  p r o c e s s e s  i n  w h i c h  t h e  a v a i l a b i l i t y  
o f  e n z y m e  c o l u m n s ,  e n z y m e  m e m b r a n e s  a n d  e n z y m e  t u b e s  h a s  
f a c i l i t a t e d  t h e  m o r e  e x t e n s i v e  u s e  o f  e n z y m e s  f o r  a n a l y s i s  
w i t h i n  t h e  l a b o r a t o r y  a n d  t h e  c l i n i c .  E n z y m e  c o l u m n s ,  w h e n  
i n s e r t e d  i n t o  s u i t a b l e  a u t o m a t i c  a n a l y z e r s ,  p e r m i t  t h e  c o n ­
t i n u o u s  a s s a y  o f  s u b s t r a t e s  s u c h  a s  g l u c o s e ,  l a c t o s e ,  u r e a  
a n d  u r i c  a c i d  ( P e n d e r s o n ,  H .  a n d  H o r v a t h ,  C .  ( 1 9 8 1 )  a n d  
C a r r ,  P . W .  a n d  B o w e r s ,  L . D .  ( 1 9 8 0 ) ) .  A  g o o d  e x a m p l e  i s  t h e  
s y s t e m  b a s e d  o n  i m m o b i l i z e d  g l u c o s e  d e h y d r o g e n a s e  w h i c h  i s  
u s e d  i n  t h e  r o u t i n e  c l i n i c a l  a n a l y s i s  o f  g l u c o s e .

G l u c o s e  d e h y d r o g e n a s e  c a t a l y s e s  t h e  r e a c t i o n ;

D -g lu c o se  + NACf-^==rrgluconolactone+ N A D H

The enzyme is immobilized onto the inner surface of a nylon 

tube using the chemistry outlined in fig. 1.t(a ). The enzyme 

tube is then incorporated into a Technicon A A 1 flow system, as
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NH I
COOMe CO COOMe

P E C T i n a m in E -  S u e S T lTuT C O  NYLON

F i g  1 . 5 ( a ) .  D i a g r a m  s h o w i n g  t h e  c o v a l e n t  a t t a c h m e n t  o f  
e n z y m e  t o  t h e  i n t e r i o r  o f  a  n y l o n  t u b e .
( 1 )  N y l o n  t u b i n g  i s  a c t i v a t e d  o n  i t s  i n s i d e  s u r f a c e  b y  
t h e  r e a c t i o n  s o m e  o f  i t s  s e c o n d a r y  a m i d e  l i n k a g e s  w i t h  
t r i e t h y l o x o n i u m  s a l t s  t o  f o r m  t h e  c o r r e s p o n d i n g  i m i d a t e  
e s t e r s .  N y l o n  w h i c h  h a s  b e e n  O - a l k y l a t e d  i n  t h i s  w a y  i s  
v e r y  r e a c t i v e  t o w a r d  n u c l e o p h i l e s  s u c h  a s  a m i n e s  a n d  
h y d r a z i d e s .
T h e  a c t i v a t e d  n y l o n  i s  t h e n  t r e a t e d  w i t h  a  s o l u t i o n  o f  
a n  a m i n e  s u b s t i t u t e d  p e c t i n .  I n  t h i s  w a y ,  t h e  s u r f a c e  o f  
t h e  n y l o n  i s  c o a t e d  w i t h  a  h y d r o p h i l i c  p o l y s a c c h a r i d e  t h a t  
c o n t a i n s  a  l a r g e  n u m b e r  o f  p r i m a r y  a m i n o  g r o u p s .
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F i g  1 . 5 ( a )  c o n t ’ d .

X.
N Y L O N - IM M 0 8 IU Z E 0  E N ZYM E

------- j----------------------------- ,-----------r

ENZYME

( 2 )  T h e  e n z y m e  i s  c o u p l e d  t o  t h e  a m i n e - s u b s t i t u t e d  n y l o n  
t h r o u g h  g l u t a r a l d e h y d e .
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Som ple

Buffer

A ir

Buffe r

A ir

N A O *

smc °i0|y*ef
-mrr —
S M Cmr

W o j l t
W o tle

£  S M C

Nylon tube - C O M

Sp e c tro p h o to m e te r ( 3 4 0 n m  ) 
o r

ipectroftuorimeter
(Xe i 3 6 0 n m ;  Xefn4 6 5 n m )

F i g  1 . 5 ( b ) .  D i a g r a m  s h o w i n g  t h e  f l o w  s y s t e m  f o r  t h e  
d e t e r m i n a t i o n  o f  g l u c o s e  u s i n g  n y l o n  t u b e - i m m o b i l i z e d  
g l u c o s e  d e h y d r o g e n a s e .

(  d a t a  a d a p t e d  f r o m  C h i b a t a  I .  1 9 7 8  )



s h o w n  i n  f i g .  1 . 5 ( b ) .  A  s p e c t r o p h o t o m e t e r  i s  u s e d  t o  m e a s u r e  
t h e  p r o d u c t i o n  o f  N A D H , w h i c h  i n  t u r n  i s  r e l a t e d  t o  t h e  
c o n c e n t r a t i o n  o f  g l u c o s e  i n  t h e  s a m p l e .

A n o t h e r  e x c i t i n g  d e v e l o p m e n t  i n  t e r m s  o f  a n a l y t i c a l  
t e c h n i q u e s  i s  t h e  d e v e l o p m e n t  o f  t h e  b i o s e n s o r  e l e c t r o d e ,  a  
p h y s i c o / c h e m i c a l  t r a n s d u c e r  w h i c h  f u n c t i o n s  b y  c o m b i n i n g  a  
s e n s i n g  p r o c e d u r e  w i t h  i m m o b i l i z e d  e n z y m e  a c t i v i t y .  M o r e  
w i l l  b e  s a i d  a b o u t  a  s p e c i f i c  t y p e  o f  b i o s e n s o r ,  t h e  e n z y m e  
e l e c t r o d e ,  l a t e r .
C o n c l u d i n g  R e m a r k s

T h e  g r e a t  i n h e r e n t  p o t e n t i a l  o f  e n z y m e s  a s  b i o c a t a l y s t s  
i n  g e n e r a l ,  a n d  o f  i m m o b i l i z e d  e n z y m e s  a s  h e t e r o g e n e o u s  
c a t a l y s t s  i n  p a r t i c u l a r ,  s e e m s  t o  a s s u r e  t h e  e x t e n s i o n s  o f  
t h e  a p p l i c a t i o n  o f  e n z y m e s  i n  t h e  f u t u r e .  T h e  a b i l i t y  o f  
e n z y m e s  t o  c a t a l y s e  t h e  s y n t h e s i s ,  d e g r a d a t i o n  a n d  m o d i f i ­
c a t i o n  o f  m o l e c u l e s  u n d e r  m i l d  c o n d i t i o n s  w i l l  u n d o u b t e d l y  
f a c i l i t a t e  f u t u r e  d e v e l o p m e n t s  i n  e n z y m e  e n g i n e e r i n g .  F u r t h e r  
i m p e t u s  w i l l  b e  g a i n e d  f r o m  t h e  g r o w i n g  n e e d  t o  t r a n s f o r m  
b i o m a s s  a n d  o t h e r  w a s t e  p r o d u c t s  i n t o  u s e f u l  c h e m i c a l s  s u c h  
a s  g a s  a n d  l i q u i d  f u e l s .

I t  s h o u l d  b e  p o i n t e d  o u t ,  h o w e v e r ,  t h a t  t o  d a t e  e n z y m e s  
w h i c h  r e q u i r e  c o f a c t o r s  i n  o r d e r  t o  c a r r y  o u t  t h e i r  r e a c t i o n s  
h a v e  n o t  b e e n  u s e d  o n  a  l a r g e  s c a l e .  T h e  h i g h  p r i c e  o f  
c o f a c t o r s  s u c h  a s  A T P ,  N A D ( P ) H  a n d  t h e  l a c k  o f  s u i t a b l e  
m e t h o d s  f o r  r e c y c l i n g  them have p r e v e n t e d  t h i s  d e v e l o p m e n t .  
A t t e m p t s  t o  a c h i e v e  this goal are c u r r e n t l y  u n d e r  i n v e s t i g a t i o n

I n  terms of the immediate future, there is tremendous 
interest in manufacturing "tailor made enzymes” either to 
introduce favourable properties, e.g. better operational 

stability, or more favourable kinetics. To this end, different
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l i n e s  o f  i n v e s t i g a t i o n  a r e  b e i n g  p u r s u e d .
U s i n g  c l a s s i c a l  m u t a g e n e s i s  t e c h n i q u e s ,  t h e  C e t u s  

C o r p o r a t i o n  w e r e  a b l e  t o  a l t e r  t h e  p H  o p t i m u m  o f  t h e  e n z y m e s  
u s e d  i n  t h e  p r o d u c t i o n  o f  g l y c o l s  w i t h  t h e  r e s u l t  t h a t  t h e y  
c o u l d  b e  u s e d  s i m u l t a n e o u s l y  i n  t h e  s a m e  r e a c t o r  v e s s e l  
( M a u g h ,  T . H .  ( 1 9 8 4 ) )  .

U s i n g  m o d e r n  g e n e t i c  e n g i n e e r i n g  t e c h n i q u e s  s u c h  a s  
i n  v i t r o  m u t a g e n e s i s  ( W i n t e r ,  G .  e t  a l  ( 1 9 8 2 ) ) ,  i n v e s t i g a t o r s  
a r e  s e l e c t i n g  s p e c i f i c  a m i n o  a c i d  r e s i d u e s  t h e y  w i s h  t o  
r e p l a c e ,  a n d  a t  t h e  s a m e  t i m e  s e l e c t i n g  t h e  r e s i d u e s  t h e y  
w i s h  t o  r e p l a c e  t h e m  w i t h .  T h i s  a p p r o a c h  r e q u i r e s  a  p r e c i s e  
k n o w l e d g e  o f  t h e  3 - D  s t r u c t u r e  o f  t h e  e n z y m e ,  a n d  a t  t h e  
m o m e n t  t h e  m a j o r  g o a l s  a r e  s i m p l y  a c a d e m i c ,  i . e .  f i n d i n g  
o u t  m o r e  i n f o r m a t i o n  a b o u t  e n z y m e  m e c h a n i s m s  a n d  t h e  d y n a m i c s  
o f  p r o t e i n  f o l d i n g .  F o r  t h e  n e a r  f u t u r e ,  t h e  m a j o r  a i m s  w i l l  
s i m p l y  b e  t o  i m p r o v e  t h e  s t a b i l i t y  o f  e n z y m e s  s o  t h e y  c a n  
b e t t e r  t o l e r a t e  t h e  c o n d i t i o n s  f o u n d  i n  i n d u s t r i a l  f e r m e n t o r s  
a n d  a l s o  t o  i m p r o v e  t h e i r  " i m m o b i l i z a b i l i t y "  s o  t h a t  l e s s  
a c t i v i t y  i s  l o s t  w h e n  t h e  e n z y m e  i s  a t t a c h e d  t o  t h e  s u p p o r t  
( M a u g h ,  T . H .  ( 1 9 8 4 ) ) .

L o n g e r  t e r m  g o a l s  i n c l u d e  c h a n g e s  i n  s u b s t r a t e  s p e c i f i c i t y ,  
c h a n g e s  i n  c a t a l y t i c  a c t i v i t y  a n d  p e r h a p s ,  e v e n t u a l l y ,  t h e  
f u s i o n  o f  r e l a t e d  e n z y m e s  s o  t h a t  m u l t i e n z y m i c  p r o c e s s  m a y  
b e  c a r r i e d  o u t  i n  o n e  c o m p o s i t e  p r o t e i n .
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P O R O U S  N I C K E L

I n t r o d u c t i o n
P o r o u s  n i c k e l  i s  a  s h e e t  m e t a l  m a t e r i a l  m a d e  b y  t h e  

I n t e r n a t i o n a l  N i c k e l  C o m p a n y  ( I N C O )  w h i c h  i s  u s e d  e x t e n s i v e l y  
f o r  e l e c t r o d e s  o f  s i n t e r e d  p l a t e  a l k a l i n e  b a t t e r i e s  ( n i c k e l /  
c a d m i u m  t y p e )  a n d  f o r  c e r t a i n  t y p e s  o f  e x p e r i m e n t a l  l o w  a n d  
m e d i u m  t e m p e r a t u r e  f u e l  c e l l s  ( G i l e s ,  R . D .  ( 1 9 8 2 ) ,  D a m s ,  R . A . J  
e t  a l  ( 1 9 8 2 )  a n d  T r a c e y ,  V . A .  ( 1 9 6 5 ) ) .

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

I n  e l e c t r o d e s  f o r  n i c k e l / c a d m i u m  b a t t e r i e s ,  h i g h  
p o r o s i t i e s  ( 7 0 - 9 0 % )  a r e  e s s e n t i a l  t o  p e r m i t  a c c o m m o d a t i o n  o f  
t h e  m a x i m u m  q u a n t i t y  o f  a c t i v e  m a s s  i n  t h e  p o r e s  o f  t h e  
s i n t e r e d  m a t r i x .  F u r t h e r m o r e ,  t h e  p o r o u s  e l e c t r o d e  m u s t  
c o n t a i n  a  c e n t r a l  s u p p o r t  t o  p r o v i d e  s t r e n g t h  a n d  r i g i d i t y ,  
e n h a n c e  e l e c t r i c a l  c o n d u c t i v i t y  a n d  p r e v e n t  s h r i n k a g e  d u r i n g  
t h e  s i n t e r i n g  p r o c e s s .  I n  t h i s  p a r t i c u l a r  c a s e  t h e  s u p p o r t  i s  
a  m e s h  o f  n i c k e l  p l a t e d  i r o n ,  o n t o  w h i c h  the n i c k e l  p o w d e r  i s  
l a i d .  N i c k e l  p l a t e d  i r o n  i s  u s e d  b e c a u s e  i t  i s  c h e a p e r  t h a n  
pure n i c k e l  ( T r a c e y ,  V . A .  ( 1 9 6 5 ) )  .

There are a number of various techniques available for 
the manufacture of porous materials which determine the 
porosity and thickness of the final preparation. Because of 
their needs, INCO exclusively use the Slurry technique for 
the manufacture of porous nickel (Tracey, V.A., pers. commun.).
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T h e  S l u r r y  T e c h n i q u e
T h e  s l u r r y  t e c h n i q u e  i s  u s e d  t o  c o a t  a  s u i t a b l e  s u p p o r t  

b y  d i p p i n g  i t  i n t o  a n  a p p r o p r i a t e  s o l u t i o n  ( s l u r r y ) . T h e  
s t a g e s  a r e  a s  f o l l o w s :

1 .  S l u r r y  p r e p a r e d .
2 .  S u p p o r t  m a t e r i a l  c o a t e d  b y  p a s s i n g  t h r o u g h  a  s l u r r y  

b a t h .
3 .  C o a t e d  s t r i p  p a s s e d  f r o m  s l u r r y  b a t h  t h r o u g h  t h i c k n e s s  

c o n t r o l  s t a g e ,  a n d  t h e n c e
4 .  t h r o u g h  a  d r y i n g  f u r n a c e .
5 .  T h e  d r i e d  s t r i p  i s  p a s s e d  t h r o u g h  t h e  s i n t e r i n g  

f u r n a c e .
6 .  T h e  s i n t e r e d  s t r i p  i s  w o u n d  o n t o  a  c o i l e r .

F i g .  2 . 1  s h o w s  a  s c h e m a t i c  d r a w i n g  o f  t h e  c o n t i n u o u s  p r o c e s s  
u s e d  b y  I N C O .

P r e p a r a t i o n  a n d  c o n t r o l  o f  t h e  s l u r r y  ( s t a g e  1 )  i s  
e s s e n t i a l ,  t o  e n s u r e  c o r r e c t  v i s c o s i t y  a n d ,  h e n c e ,  c o n s i s t e n t  
p r o p e r t i e s .  C e l l u l o s e  d e r i v a t i v e s  i n  w a t e r  h a v e  b e e n  f o u n d  
t o  p r o d u c e  g o o d  s l u r r i e s ,  t o  w h i c h  t h e  n i c k e l  p o w d e r  i s  t h e n  
a d d e d .  T o  k e e p  t h e  p o w d e r  i n  s u s p e n s i o n  t h e  s o l u t i o n  i s  
a g i t a t e d  w i t h  a  s l o w l y  m o v i n g  i m p e l l e r .

T h e  n i c k e l  c a r b o n y l  p o w d e r  u s e d  i n  t h e  s l u r r y  t e c h n i q u e  
is f i l a m e n t a r y  T y p e  2 2 5  w i t h  a n  a v e r a g e  p a r t i c l e  s i z e  o f  2 . 6 -
3 . 4  u r n  ( T r a c e y ,  V . A .  ( 1 9 6 5 ) ) .

Sintering of the dried strip (stage 6), the process b y  
which the nickel powder is converted into a coherent solid, 
fig. 2.2, is carried out at 900°C in a controlled atmosphere 
which ranges from pure hydrogen to a nitrogen atmosphere 
containing a small percentage of hydrogen (~5% v/v) . The 
sintered material is then allowed to cool and wound onto a

c o i 1 e r .
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F i g  2 . 1 .  D i a g r a m  s h o w i n g  a  t y p i c a l  l a y o u t  f o r  t h e  
s l u r r y  c o a t i n g  l i n e  u s e d  b y  I N C O  f o r  t h e  p r o d u c t i o n  
o f  p o r o u s  n i c k e l .
( D a t a  a d a p t e d  f r o m  T r a c e y , V . A .  1 9 6 5 . )
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(a) Pow der loosely (b) A fte r cold pressing

packed cojecher

Fig 2.2. Diagram showing the stages in powder metallurgy- 
operation. In this process fine metallic powder is agglom­
erated to form stock. The main process consists of cold 
pressing followed by heating. The temperature of the heating 
process is below the melting in the case of pure metals. 
Considerable contraction in volume and increase in density 
result from the heating. The bonding resulting from the 
heating is brought about by various atomic movements including 
recrystallisation crystal growth across the cold worked 
interfaces. During sintering, volatiles such as traces of 
lubricant are removed and oxides should be reduced or dissociated 
by the action of the sintering atmosphere.
The reduction of porosity usually associated with sintering 
is due in some way to the atomic movement and migration that 
takes place.
(Adapted from A Text-Book of Powder Metallurgy.)



2 1

T h e  p o r o u s  n i c k e l  s u p p l i e d  f o r  t h i s  w o r k  w a s  a  g i f t  
f r o m  I N C O .  I t  w a s  s u p p l i e d  i n  t h e  f o r m  o f  s h e e t s  w i t h  
d i m e n s i o n s  1 0  c m  x  2 0  c m  a n d  a  t h i c k n e s s  o f  0 . 5  m m .  T h e  
f o l l o w i n g  t e c h n i c a l  i n f o r m a t i o n  w a s  a l s o  s u p p l i e d

i )  C o s t  o f  m a n u f a c t u r e  -  £  1 1 , 4 0 0 / t o n n e .
i i )  P o r o s i t y  7 0 - 9 0 % .

i i i )  S u r f a c e  a r e a  o f  t h e  p o r o u s  m a t r i x  0 . 1 5 m 2 / g .
i v )  S u p p o r t  g r i d  -  n i c k e l  p l a t e d  i r o n  m e s h ,

v )  M a t e r i a l s  i n v o l v e d  i n  t h e  m a n u f a c t u r e :  n i c k e l  
p o w d e r  T y p e  2 2 5 ,  s l u r r y  f o r m e r  ( 3 %  w t / w t  m e t h y l  
c e l l u l o s e  i n  w a t e r )  a n d  a  s u p p o r t  g r i d .

I t  w a s  n o t e d  t h a t  t h e  p o r o u s  n i c k e l  s h e e t  w a s  f l e x i b l e  
a n d  c o u l d  b e  c u t  i n t o  a n y  d e s i r e d  s h a p e ,  e . g .  a  1  c m  x  1  c m  
s q u a r e  w i t h  a  p a i r  o f  s h a r p  s c i s s o r s  o r  a  s t e e l  p u n c h .

T h e  h i g h  s u r f a c e  a r e a  a n d  p o r o s i t y  o f  t h e  p o r o u s  n i c k e l  
c a n  b e  c l e a r l y  s e e n  u n d e r  t h e  e l e c t r o n  m i c r o s c o p e ,  p l a t e s  2 . 1  
a n d  2 . 2 .  T h e  e l e c t r o n  m i c r o g r a p h s  w e r e  t a k e n  a s  d e s c r i b e d  
i n  M a t e r i a l s  a n d  M e t h o d s  f o r  s e c t i o n  I .
A i m s  o f  t h e  P r o j e c t

T h e  u s e f u l n e s s  o f  p o r o u s  n i c k e l  w i l l  o b v i o u s l y  i n v o l v e  
m a k i n g  u s e  o f  i t s  h i g h  s u r f a c e  a r e a  a n d  s t r u c t u r a l  p r o p e r t i e s .  
I n  t h i s  r e s p e c t ,  t h e r e  a r e  t w o  i m m e d i a t e  a p p l i c a t i o n s  w h i c h  
are worth investigating. The first of t h e s e ,  w h i c h  w i l l  b e  
d e a l t  w i t h  i n  S e c t i o n  I ,  i s  u s i n g  p o r o u s  n i c k e l  a s  a n  i n s o l u b l e  
s u p p o r t  t o  w h i c h  enzymes can be i m m o b i l i z e d .  T h e  a t t r a c t i v e  
f e a t u r e s  o f  t h e  p o r o u s  nickel in this r e s p e c t  a r e  i t s  l a r g e  
surface area which should ensure a high e n z y m e  loading, and 
both its porous nature and mechanical strength, w h i c h  would 
make the porous matrix ideal for continuous flow applications. 

The other particularly attractive application is to use



Plate 2«1

Scanning Electron Micrograph of the surface of 
porous nickel.

Magnification: X 1,500
Length of calibration bar: lOjum.
Accelerator Voltage: 25KV.
Microscope: Philips T 200.

Note the porous nature of the surface of the nickel 
sinter. Pores can be seen with different diameters.
By inspection, an average pore diameter of about 
10 m can be calculated. Note also the pitted appear­
ance of the surface. This structure is lost following 
oxidation.
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t h e  p o r o u s  n i c k e l  a s  t h e  b a s e  s e n s o r  a r o u n d  w h i c h  a n  
a m p e r o m e t r i c  e n z y m e  e l e c t r o d e  c a n  b e  c o n s t r u c t e d .  O b v i o u s l y ,  
i t s  m e t a l l i c  s t r u c t u r e  m a k e s  i t  a  c o n d u c t o r .  T h e  h i g h  
s u r f a c e  a r e a  o f  t h e  n i c k e l  w o u l d  m e a n  t h a t  l a r g e  c u r r e n t s  
w o u l d  b e  p a s s e d  d u r i n g  t h e  e l e c t r o c h e m i c a l  e x p e r i m e n t .  T h i s  
w o u l d  r e s u l t  i n  i n c r e a s e d  s e n s i t i v i t y  a n d ,  f u r t h e r m o r e ,  a  
p o r o u s  n i c k e l  e l e c t r o d e  w o u l d  b e  c h e a p e r  t o  m a n u f a c t u r e  t h a n  
t h e  c o r r e s p o n d i n g  g o l d  o r  p l a t i n u m  e l e c t r o d e .  T h i s  w o r k  w i l l
b e  d e a l t  w i t h  i n  S e c t i o n  I I .
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CHAPTER 3

I N T R O D U C T I O N  T O  S E C T I O N  I

A n  i d e a l  e n z y m e  s u p p o r t  f o r  u s e  i n  r e a c t o r  v e s s e l s  o r  
o t h e r  a p p l i c a t i o n s  s h o u l d  f u l f i l  t h e  f o l l o w i n g  c r i t e r i a :

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

i i )  T h e  p o r o s i t v  o f  t h e  s u p p o r t  s h o u l d  b e  a s  h i g h  a s  
p o s s i b l e  s o  a s  t o  a l l o w  f r e e  a n d  r a p i d  m o v e m e n t  o f  t h e  r e a c t i o n  
s o l u t i o n .

i i i )  T h e  s u p p o r t  s h o u l d  r e p r e s e n t  a n  i n e r t  v o l u m e ,  i n  s o  
f a r  t h a t  a f t e r  t h e  i m m o b i l i z a t i o n  i s  c o m p l e t e  t h e  s u p p o r t  
s h o u l d  p l a y  n o  f u r t h e r  p a r t  i n  a n y  c h e m i c a l  r e a c t i o n .

i v )  T h e  s u p p o r t  m u s t  b e  a m e n a b l e  t o  s o l u t i o n  c h e m i s t r y ,  
i f  c o v a l e n t  a t t a c h m e n t  i s  t h e  d e s i r e d  i m m o b i l i z a t i o n  t e c h n i q u e ,  
a n d  f u r t h e r m o r e ,  r e g e n e r a t i o n  o f  t h e  " a c t i v e "  s u p p o r t  s h o u l d  
b e  e f f i c i e n t .

I t  i s  e v i d e n t  b e c a u s e  o f  i t s  i n h e r e n t  p r o p e r t i e s  t h a t  
p o r o u s  n i c k e l  d o e s  i n d e e d  p r o v i d e  a  m a t r i x  o f  g o o d  s t a b i l i t y  
a n d  h i g h  s u r f a c e  a r e a .  T h e  p o r o s i t y  o f  t h e  n i c k e l  m a t r i x  i s  
h i g h  ( 7 0 - 9 0 %  p o r o s i t y ) ,  a n  e s s e n t i a l  p r e r e q u i s i t e  f o r  i t s  
s u c c e s s f u l  a p p l i c a t i o n  a s  a  p o r o u s  a n o d e  i n  b o t h  w a t e r  e l e c t r o ­
l y t e s  a n d  N i / C d  s t o r a g e  b a t t e r i e s .

I n  t e r m s  o f  i t s  i n e r t n e s s  i t  c a n  b e  a r g u e d  t h a t  b e i n g  a
m e t a l ,  t h e  p o r o u s  n i c k e l  m a t r i x  w o u l d  b e  s u s c e p t i b l e  t o
corrosion in aerated aqueous buffers. (The corrosion reaction

n + —can be represented as M = M + ne ). Such a situation w o u l d  
be unsuitable because not only would the corrosion process 
undermine the structural stability of the matrix, but the
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a c c u m u l a t i o n  o f  m e t a l  i o n s  M  , i n  t h e  s o l u t i o n  c o u l d  l e a d  t o  
t h e  p o i s o n i n g  o f  t h e  i m m o b i l i z e d  e n z y m e  ( M u n r o ,  P . A .  e t .  a l  
(1977)).

I n  t h i s  r e s p e c t  n i c k e l  o f f e r s  a  p a r t i c u l a r  a d v a n t a g e  i n  
s o  f a r  a s  i f  n i c k e l  i s  c o v e r e d  b y  a  s u r f a c e  o x i d e  f i l m  t h e  
u n d e r l y i n g  m e t a l  i s  p r o t e c t e d  f r o m  f u r t h e r  c o r r o s i o n  ( p a s s i ­
v a t e d )  . T h e  c o r r o s i o n  r e s i s t a n t  p r o p e r t i e s  o f  t h e  s u r f a c e  
o x i d e  f i l m  i s  d e r i v e d  f r o m  t h e  f a c t  t h a t  t h e  o x i d e  f i l m  f o r m e d  
o n  t h e  s u r f a c e  o f  t h e  n i c k e l  i s  n o n  p o r o u s  a n d  t h e r e f o r e  f o r m s  
a  p r o t e c t i v e  l a y e r .  B e c a u s e  o f  t h i s  p r o p e r t y ,  n i c k e l  h a s  f o u n d  
a p p l i c a t i o n s  a s  a n  a l l o y i n g  a n d  p l a t i n g  a g e n t .

A l t h o u g h  a  s u r f a c e  o x i d e  c o a t i n g  w o u l d  p r o t e c t  t h e  n i c k e l  
f r o m  c o r r o s i o n ,  i t  m u s t  b e  p o i n t e d  o u t  t h a t  t h e  s u r f a c e  o x i d e  
c a n  b e  r e a c t i v e  t o w a r d s  c e r t a i n  s o l u t i o n  s p e c i e s  ( t h i s  w i l l  b e  
d i s c u s s e d  l a t e r ) , t h u s  f u l f i l l i n g  c r i t e r i o n  n u m b e r  ( i v )  
o v e r l e a f .
S u r f a c e  a t t a c h m e n t  o f  m o l e c u l e s  t o  m e t a l s

T o  d a t e ,  t h e  m a i n  a r e a  o f  i n t e r e s t  i n  a t t a c h i n g  m o l e c u l e s  
t o  t h e  s u r f a c e s  o f  m e t a l s  h a s  b e e n  i n  t h e  m a n u f a c t u r e  o f  
m o d i f i e d  e l e c t r o d e s .  I n  t h e  m a j o r i t y  o f  c a s e s ,  t h i s  h a s  b e e n  
c a r r i e d  o u t  b y  a  t h r e e  s t e p  p r o c e s s .

( i )  A c t i v a t i n g  t h e  m e t a l  s u r f a c e .  T h i s  i s  u s u a l l y  a c h i e v e d  
b y  f o r m i n g  a n  o x i d e  f i l m  o n  t h e  s u r f a c e  o f  t h e  m e t a l .

( i i )  D e r i v i t i z i n g  t h e  s u r f a c e  o x i d e  w i t h  a  s u i t a b l e  
chemical agent.

( i i i )  F u n c t i o n a l i s i n g  t h e  d e r i v i t i z e d  o x i d e  s u r f a c e  w i t h
the molecule of interest.

Traditionally, largely as a result o f  t h e  research carried 
out on "bonded phases", organo silane chemistry has been 
utilized for step (ii) (Murray, R. ( 1 9 8 0 ) ) . Schematically the 
reaction of an orqanosilane with face hydroxy groups can be
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represented as;

# O H + X S iY Z R —  -f|lj-OSiYZR+HX 
surface silane surface

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

T h e  b o n d  f o r m e d  b e t w e e n  t h e  s i l a n e  a n d  t h e  m e t a l / m e t a l  
o x i d e  p h a s e  i s  a  s t a b l e  M - O - S i  e t h e r  t y p e  l i n k a g e ,  w h i c h  i s  
r e s i s t a n t  t o  b o t h  a c i d  a n d  a l k a l i  h y d r o l y s i s .

In 197? Kuwana et aĴ  (Kuwana, T. et âl (1977)) described 
the use of cyanuric chloride as a general linking agent in 
the preparation of modified electrodes. Cyanuric chloride 
was reacted with surface hydroxy groups on glassy carbon as
shown below. /////

-O H  +
ClN— (c-<0} -
Cl

Cl1 N— (
—  y ♦ hci

A Cl
(1)

/
2

ClN— (L°dO)N-<Cl
+ ROM -

OR
A N— (

-  HdQ)"A N—(
OR

(2)

O t h e r  g r o u p s ,  e . g .  h y d r o x y l ,  a m i n o  a n d  G r i g n a r d  r e a g e n t s ,  c a n  
t h e n  r e a c t  w i t h  t h e  d e r i v i t i z e d  s u r f a c e  a s  s h o w n .  F u r t h e r m o r e ,  
K u w a n a  s h o w e d  t h a t  t h e  b o n d  f o r m e d  b e t w e e n  g l a s s y  c a r b o n  a n d  
c y a n u r i c  c h l o r i d e ,  C - O - C ,  w a s  e x t r e m e l y  s t a b l e  t o  h y d r o l y s i s  
b y  b o t h  a c i d  a n d  a l k a l i .  Although t h e  r e s e a r c h  w a s  a i m e d  
p r i m a r i l y  a t  g l a s s y  c a r b o n ,  K u w a n a  suggested t h a t  c y a n u r i c  
chloride could be used equally effectively with metal oxide 
s u r f a c e s .

Research in covalently binding enzymes to metal surfaces 
has been extremely limited. In 1979 Hailing and Dunnill 
(Hailing, P.J. and Dunnill, P. (1979)) described the immobili-
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z a t i o n  o f  c h y m o t r y p s i n  t o  a  v a r i e t y  o f  f e r r o m a g n e t i c  p o w d e r s ,  
i n c l u d i n g  n i c k e l  p o w d e r .  T h e i r  i n t e r e s t  w a s  i n  t h e  d e v e l o p m e n t  
o f  m a g n e t i c  n o n  p o r o u s  s u p p o r t s  f o r  i m m o b i l i z e d  e n z y m e s .

F i r s t ,  a  s u r f a c e  o x i d e  w a s  f o r m e d  o n  t h e  n i c k e l  p o w d e r  
b y  h e a t i n g  i n  a i r  a t  3 5 0 ° C  f o r  6 0  m i n u t e s .  A f t e r  t h i s  t r e a t ­
m e n t ,  t h e y  f o u n d  t h a t  t h e  n i c k e l  p o w d e r  d i d  n o t  c o r r o d e  t o  a n y  
d e t e c t a b l e  l e v e l .  T h e y  t h e n  e m p l o y e d  t r a d i t i o n a l  o r g a n o  
s i l a n e  c h e m i s t r y ,  u s i n g  3 - a m i n o p r o p y l t r i e t h o x y s i l a n e , a s  t h e  
d e r i v i t i z i n g  a g e n t .  T h i s  p r o c e d u r e ,  h o w e v e r ,  g a v e  r i s e  t o  a n  
u n s t a b l e  s u r f a c e  l i n k  w i t h  d e s o r p t i o n  o f  t h e  e n z y m e  o c c u r r i n g  
w i t h i n  t w o  h o u r s .  F r o m  t h i s  t h e y  c o n c l u d e d  t h a t  t h e  i n d i v i d u a l  
N i - O - S i  b o n d s  w e r e  u n s t a b l e .

A  m o r e  s t a b l e  l i n k a g e  w a s  p r o d u c e d  b y  j o i n i n g  t o g e t h e r  
m a n y  s i l a n e  l i n k s  i n  a  l a y e r  o f  p o l y g l u t a r a l d e h y d e  a n d
t h e n  a t t a c h i n g  t h e  e n z y m e  t o  t h e  p o l y g l u t a r a l d e h y d e  l a y e r .
T h i s  i s  s h o w n  s c h e m a t i c a l l y  b e l o w .

H a i l i n g  a n d  D u n n i l l  c o n c l u d e d  t h a t  d e s o r p t i o n  o t  t n e  
e n z y m e  o c c u r r e d  b e c a u s e  o f  t h e  i n s t a b i l i t y  o f  t h e  N i - O - S i  
b o n d ,  s u g g e s t i n g  t h a t  a  h y d r o l y s i s  r e a c t i o n  w a s  t a k i n g  p l a c e .  
T h e y  d i d  n o t  d i s c u s s ,  h o w e v e r ,  t h e  p o s s i b i l i t y  t h a t  a n  u n s t a b l e  
s u r f a c e  o x i d e  l a y e r  h a d  b e e n  f o r m e d  o n  t h e  n i c k e l  p o w d e r ,  w h i c h  
in turn would account for the observed desorption of material.

The strategy in this investigation therefore was first to 
optimize the formation of the surface oxide layer to give the 
most stable coat possible. The linking chemistry presented
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a b o v e  i s  s o m e w h a t  c o m p l i c a t e d  a n d  s o  a n  a l t e r n a t i v e  a n d  m o r e  
s t r a i g h t f o r w a r d  a p p r o a c h  w a s  s o u g h t .  F r o m  t h e  w o r k  p r e s e n t e d  
b y  K u w a n a  e t  a _ l ,  c y a n u r i c  c h l o r i d e  s e e m e d  t o  b e  a  g o o d  
c a n d i d a t e .  T h e  a i m  o f  t h i s  w o r k  w a s  t o  i m p r o v e  t h e  s t a b i l i t y  
o f  t h e  l i n k a g e  f r o m  t h e  m e t a l  t o  t h e  e n z y m e  a n d  s o  i n c r e a s e  
t h e  u s e f u l  o p e r a t i o n a l  t i m e .
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C H A P T E R  4

M A T E R I A L S  A N D  M E T H O D S  F O R  S E C T I O N  I

R e a g e n t s
U n l e s s  o t h e r w i s e  s t a t e d ,  a l l  s o l u t i o n s  w e r e  p r e p a r e d  

f r o m  A r i s t a r  g r a d e  ( B D H )  c h e m i c a l s  i n  h i g h  p u r i t y  w a t e r  
( M i l l i p o r e ) . P h o s p h a t e  b u f f e r s  w e r e  a d j u s t e d  t o  t h e  c o r r e c t  

p H  b y  t h e  d r o p w i s e  a d d i t i o n  o f  1 . O M  N a O H .  T r i s  b u f f e r  w a s  
a d j u s t e d  t o  t h e  c o r r e c t  p H  w i t h  0 . 1 M  H C 1 .

G l u c o s e  o x i d a s e  ( E C  1 . 1 . 3 . 4  t y p e  2 )  f r o m  A s p e i g i l l u s  
n i g e r , m o l  w t  1 8 6 , 0 0 0 ,  w a s  s u p p l i e d  f r o m  B o e h r i n g e r  M a n n h e i m

_ ia n d  h a d  a n  a c t i v i t y  o f  2 4 7  I . U .  m g
A l c o h o l  d e h y d r o g e n a s e  ( E C  1 . 1 . 1 . 1 )  f r o m  y e a s t  w a s  

p u r c h a s e d  f r o m  S i g m a  ( L o n d o n )  L t d . ,  P o o l e ,  D o r s e t ,  a n d  h a d
_ ia n  a c t i v i t y  o f  2 3 0  I . U .  m g

R i b i t o l  d e h y d r o g e n a s e  ( E C  ) f r o m  K l e b s i e l l a
a e r o g e n e s  w a s  p r e p a r e d  i n  t h e  l a b o r a t o r y .  T h i s  w i l l  b e  
d i s c u s s e d  l a t e r .

C a e s i n  h y d r o l y s a t e ,  d i t h i o t h r e i t o l , B r o m o p h e n o l  B l u e ,  
a c r y l a m i d e  a n d  N N ' - m e t h y l e n e  b i s  a c r y l a m i d e  ( b o t h  s p e c i a l l y  
p u r i f i e d  f o r  e l e c t r o p h o r e s i s )  w e r e  f r o m  B D H  L t d . ,  P o o l e ,  D o r s e t  

D - r i b i t o l  a n d  x y l i t o l  w e r e  f r o m  C a m b r i a n  C h e m i c a l s  L t d . , 
C r o y d o n .  P u r i f i e d  a g a r  w a s  f r o m  O x o i d  L t d . ,  B a s i n g s t o k e ,
H a n t s .  U l t r o g e l  A c A 4 4  w a s  f r o m  L K B , S o u t h  C r o y d o n ,  S u r r e y .
D E 2 3  a n d  D E 5 2  w e r e  f r o m  W h a t m a n .

P M S F  ( p h e n y l  m e t h a n e  s u l p h o n y l  f l u o r i d e )  , C o o m a s s i e  
B r i l l i a n t  B l u e  E 2 5 0 ,  b o v i n e  s e r u m  a l b u m i n ,  a l d o l a s e  , p e p s i n ,
hcymotrypsinogen 
A

weight markers, 
(London) Ltd.

and lysozyme, proteins used as molecular 
and all other bio chemicals were from Sigma

Inorganic chemicals (AR grade) and solvents were obtained



31

f r o m  s e v e r a l  s u p p l i e r s .
G e n e r a l  t e c h n i q u e s  
S p e c t r o p h o t o m e t r y

A l l  e n z y m e  a s s a y s  c o u p l e d  t o  c h a n g e s  i n  o p t i c a l  
a b s o r b a n c e  w e r e  c a r r i e d  o u t  i n  a  G i l f o r d  2 5 2  s p e c t r o p h o t o m e t e r  
f i t t e d  t o  a  U n i c a m  S P 5 0 0  m o n o c h r o m a t o r .  T h e  t e m p e r a t u r e  o f  t h e  
c u v e t t e  c o m p a r t m e n t  w a s  c o n t r o l l e d  b y  c i r c u l a t i n g  w a t e r  f r o m  a  
G r a n t  S E 1 5  w a t e r  b a t h .  Q u a r t z  c u v e t t e s  o f  1 c m  l i g h t  p a t h  w e r e  
u s e d .  R a t e s  o f  c h a n g e  o f  a b s o r b a n c e  w e r e  d e t e r m i n e d  u s i n g  a  
G i l f o r d  6 0 0  c h a r t  r e c o r d e r .

C o n s t a n t  a b s o r b a n c e s  w e r e  d e t e r m i n e d ,  e i t h e r  w i t h  a  
G i l f o r d  2 5 2  o r  w i t h  a  l a m b d a  3  P e r k i n  E l m e r .
C o n d u c t i v i t y  D e t e r m i n a t i o n

T h e  c o n d u c t i v i t y  o f  b u f f e r s ,  r e s i n s ,  e t c .  w e r e  d e t e r m i n e d  
a t  r o o m  t e m p e r a t u r e  u s i n g  a  R a d i o m e t e r  C o n d u c t i v i t y  M e t e r  C D M 3  
f i t t e d  w i t h  a  t y p e  C D C  3 1 4  c e l l .
D e t e r m i n a t i o n  o f  p H

T h e  p H  v a l u e s  o f  s o l u t i o n s  w e r e  r o u t i n e l y  d e t e r m i n e d  
u s i n g  a  R a d i o m e t e r  t y p e  P H M  2 6  p H  m e t e r  f i t t e d  w i t h  a  G K  2 3 0 2  
c o m b i n e d  e l e c t r o d e  a n d  r e f e r e n c e  c e l l .
P o l y a c r y l a m i d e  G e l  E l e c t r o p h o r e s i s

P o l y a c r y l a m i d e  s l a b  g e l s  o f  1 . 5 m m  t h i c k n e s s  w e r e  u s e d  
f o r  t h e  e l e c t r o p h o r e t i c  s e p a r a t i o n  o f  p r o t e i n s  i n  t h e  p r e s e n c e  
o f  S D S  ( s o d i u m  d o d e c y l  s u l p h a t e )  . T h e  r e s o l v i n g  g e l s  w e r e  
a p p r o x i m a t e l y  1 5 c m  x  1 5 c m  a n d  u n l e s s  o t h e r w i s e  s t a t e d  w e r e  
p r e p a r e d  by t h e  p o l y m e r i z a t i o n  o f  1 0 %  w / v  a c r y l a m i d e .  T h e  
samples to be subjected to electrophoresis were applied in 
wells formed i n  a low percentage acrylamide stacking gel, 
at a pH value less than that of the resolving gel.

Resolving gels were prepared by polymerising a mixture
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o f  a c r y l a m i d e  a n d  b i s - a c r y l a m i d e  ( N N ' - m e t h y l e n e  b i s a c r y l a m i d e )  
b y  t h e  a d d i t i o n  o f  a m m o n i u m  p e r s u l p h a t e  a n d  t h e  c a t a l y s t  T E M E D  
( t e t r a m e t h y l e n e d i a m i n e ) . A  s t o c k  s o l u t i o n  c o n t a i n i n g  3 0 %  

w / v  a c r y l a m i d e  a n d  0 . 8 %  w / v  b i s - a c r y l a m i d e  w a s  s t o r e d  i n  t h e  
d a r k  a t  4 ° C  a n d  d i s c a r d e d  a f t e r  a  w e e k ' s  s t o r a g e .  G e l s  w e r e  
p r e p a r e d  b y  m i x i n g :

1 0 %  ( S D S )
2 5  m l  7 5 0 m M - T r i s . H C 1  p H  8 . 8
1 6 . 5  m l  a c r y l a m i d e / b i s a c r y l a m i d e  s o l u t i o n
6 . 9  m l h i g h  p u r i t y  w a t e r
6 0  n l T E M E D
5 0 0  j i l 1 0 %  w / v  S D S
1  m l 1 %  w / v  a m m o n i u m  p e r s u l p h a t e  ( f r e s h l y  

p r e p a r e d )
F o r  g e l s  o t h e r t h a n  1 0 %  t h e  r a t i o  o f  a c r y l a m i d e / b i s a c r y l a m i d e
w a s  a l t e r e d  a c c o r d i n g l y .

T h e  b u f f e r ,  a c r y l a m i d e / b i s a c r y l a m i d e  a n d  w a t e r  w e r e  
m i x e d  a n d  t h o r o u g h l y  d e g a s s e d  b e f o r e  t h e  a d d i t i o n  o f  t h e  
T E M E D ,  S D S  a n d  a m m o n i u m  p e r s u l p h a t e .  T h e  m i x t u r e  w a s  r a p i d l y  
p o u r e d  b e t w e e n  t w o  g l a s s  p l a t e s ,  s e p a r a t e d  b y  1 . 5 m m  P e r s p e x  
s p a c e r s  ( s e a l e d  w i t h  m e l t e d  s o f t  p a r a f f i n  w a x ) , a n d  w a s  o v e r ­
l a i d  w i t h  b u t a n - 1 - o l  t o  e x c l u d e  a i r .  T h e  p o l y m e r i s a t i o n  w a s  
a l l o w e d  t o  p r o c e e d  a t  r o o m  t e m p e r a t u r e  a n d  w a s  c o m p l e t e  a f t e r  
a b o u t  a n  h o u r .

T h e  s t a c k i n g  g e l  w a s  p r e p a r e d  a s  f o l l o w s ;
3.4 ml 750mM Tris.HCl pH6.5
2 ml acrylamide/bis acrylamide
12.4 ml high purity water
20 ill TEMED
200 |i 1 10% SDS
2 ml 1 % s / v a m m o n i 11 m p o r s u 1 [3 hat e



T h e  c o m p o n e n t s  o f  t h e  s t a c k i n g  g e l  w e r e  d e g a s s e d  a s  
d e s c r i b e d  a b o v e .  T h e  t o p  o f  t h e  p o l y m e r i s e d  r e s o l v i n g  g e l  
w a s  w a s h e d  f r e e  o f  b u t a n - 1 - o l  w i t h  d i s t i l l e d  w a t e r  a n d  t h e  
s t a c k i n g  g e l  m i x t u r e  w a s  p o u r e d  o n .  A  p e r s p e x  ' c o m b '  w i t h  
s e r r a t i o n s  o f  t h e  s a m e  t h i c k n e s s  a s  t h e  s p a c e r s  w a s  i n t r o d u c e d  
b e t w e e n  t h e  g l a s s  p l a t e s  t o  f o r m  w e l l s  i n  t h e  s t a c k i n g  g e l .
T h e  w e l l s  h a d  a  d e p t h  o f  1 . 5 c m  a n d  a  w i d t h  o f  8 m m .  T h e  s t a c k i n g  
g e l  w a s  a l l o w e d  t o  p r o c e e d  a t  r o o m  t e m p e r a t u r e  f o r  a b o u t  h a l f  
a n  h o u r .

S a m p l e s  f o r  e l e c t r o p h o r e s i s  i n  t h e  p r e s e n c e  o f  S D S  w e r e  
d r i e d  i n  v a c u o  i n  D u r h a m  t u b e s ,  d i s s o l v e d  i n  5 0 | i l  S D S  s a m p l e  
b u f f e r  a n d  h e a t e d  a t  1 0 5 ° C  f o r  f i f t e e n  m i n u t e s  t o  e n s u r e  c o m p l e t e  
d e n a t u r a t i o n . S D S  s a m p l e  b u f f e r ,  w h i c h  w a s  k e p t  a t  4 ° C  i n  a  
s e a l e d  v i a l ,  c o n t a i n e d  p e r  1 0 m l :
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2 0 0  | i l  7 5 0  m M  T R I S . H C 1  p H  6 . 5
1 m l  1 0 %  w / v  S D S
1  m l  2 - m e r c a p t o e t h a n o l
5  m l  5 0 %  v / v  g l y c e r o l
1 0  m g  B r o m o p h e n o l  b l u e
2 . 8  m l  d i s t i l l e d  w a t e r
U s i n g  s a m p l e  w e l l s  o f  8 m m  w i d t h ,  s u i t a b l e  l o a d i n g s  o f  

p r o t e i n  p e r  w e l l  w e r e  f o u n d  t o  b e  1 0 0 | x g  2 0 0 | i g  o f  c r u d e
c e l l  e x t r a c t s  o r  1 p g - - - ► 1 0 | i g  o f  a n y  s i n g l e  p r o t e i n  s p e c i e s .

A f t e r  t h e  p o l y m e r i s a t i o n '  o f  t h e  s t a c k i n g  g e l ,  t h e  c o m b  
a n d  t h e  b o t t o m  s p a c e r  w e r e  r e m o v e d  a n d  t h e  g e l  f i t t e d  t o  a  g e l  
t o w e r .  T h e  upper a n d  l o w e r  c o m p a r t m e n t s  w e r e  f i l l e d  w i t h  
electrode buffer which contained 3 g / l  T r i s  b a s e ,  1 . 4 5 g / l  
g l y c e n e  a n d  1 g / l  SDS. The s a m p l e s  w e r e  i n t r o d u c e d  i n t o  t h e  
wells in the stacking gel using a 5 0 j i l  H a m i l t o n  m i c r o s y r i n g e .
A Shandon Southern SAE 2761 power-pack was used. Gels were

a e 11r  r e n  t  o f  8 mA un t  i  1 t h e  d y o  f r o n  t;r  u n a t; r  o o m t  e rn p e r  a t m :  e a t
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h a d  r e a c h e d  t h e  b o t t o m  o f  t h e  g e l .

P r i o r  t o  s t a i n i n g  f o r  p r o t e i n  gels were f i x e d  b y  s o a k i n g  
i n  2 5 %  w / v  t r i c h l o r o a c e t i c  a c i d  f o r  1 5  m i n u t e s ,  w a s h e d  f o r  1 0  
m i n u t e s  b y  s o a k i n g  i n  1 0 %  v / v  a c e t i c  a c i d  a n d  t h e n  r i n s e d  w i t h  
d i s t i l l e d  w a t e r .  T h e  g e l s  w e r e  t h e n  i n c u b a t e d  i n  s t a i n i n g  
s o l u t i o n  f o r  4 5  m i n u t e s  a t  6 0 ° C .  T h e  s t a i n i n g  s o l u t i o n  w a s  
p r e p a r e d  b y  m i x i n g  e q u a l  v o l u m e s  o f  2 0 %  v / v  a c e t i c  a c i d  a n d
0 . 6 %  w / v  C o o m a s s i e  B r i l l i a n t  B l u e  R  2 5 0  i n  m e t h a n o l .  T h e  
b a c k g r o u n d  w a s  d e s t a i n e d  o v e r n i g h t  w i t h  s e v e r a l  c h a n g e s  o f  
a  1 : 2 : 7  ( b y  v o l u m e s )  g l a c i a l  a c e t i c  a c i d ,  m e t h a n o l ,  w a t e r  
m i x t u r e .
M i c r o b i o l o g i c a l  t e c h n i q u e s

U n l e s s  o t h e r w i s e  s t a t e d ,  a l l  m e d i a  a n d  s o l u t i o n s  u s e d  
i n  t h e  m i c r o b i o l o g i c a l  w o r k  w e r e  s t e r i l i z e d  b y  a u t o c l a v i n g  
a t  1 2 3 ° C  f o r  3 0  m i n u t e s .  S o l u t i o n s  o f  s u g a r s  w e r e  n o r m a l l y  
a u t o c l a v e d  a t  l o w  p H  v a l u e s ,  o b t a i n e d  b y  t h e  a d d i t i o n  o f  
d i l u t e  p h o s p h o r i c  a c i d .  G l a s s w a r e  a n d  p i p e t t e s  w e r e  a u t o c l a v e d  
f o r  6 0  m i n u t e s  a n d  t h e n  d r i e d  i n  v a c u o  f o r  2 0  m i n u t e s .
S o l i d  M e d i a

S t e r i l i n  d i s p o s a b l e  P e t r i  d i s h e s  o f  9 c m  d i a m e t e r  w e r e
u s e d .
M 9  P l a t e s  5 . 8  g / 1  N a ^ H P O ^

3 . 0  g / 1  K H 2 P 0 4
0 . 5  g / 1  N a C l
1 . 0  g / 1  N H 4 C 1
1 ml/1 1M Mg S04
2 ml/1 trace elements solution.

The agar, MgSC>4, and trace elements were autoclaved together 
in 90% of the final volume of the medium and cooled to 60°C 
before the addition of the other s a l t s  a s  freshly autoclaved 
ten fold concentrate. The carbon s o u r c e  w a s  either autoclaved
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w i t h  t h e  a g a r  o r  a d d e d  a s  a  s t e r i l e  c o n c e n t r a t e .  
T r a c e  E l e m e n t s  C o n c e n t r a t e

5 0 0  m g / 1 F e S O . . 7 H „ 0  4  2
7 0  m g / 1 C u S 0 4 . 5 H 2 0
4 5  r a g / 1 M n C l 2 . 4 H 2 0
5 0  m g / 1 Z n S 0 4 . 7 H 2 0
1 . 3 2  g / 1 C a C l 2 . 6 H 2 0
1 0 0  m g / 1 C o C l 2 . 6 H 2 <0
7  m g / 1 h 3 b o 3
1 0 0  m g / 1 N a 2 M o 0 4 . 2 H 2 0

I s o l a t i o n  a n d  c h a r a c t e r i s a t i o n  o f  r i b i t o l  d e h y d r o g e n a s e  f r o m  a  
s u p e r  p r o d u c i n g  s t r a i n  o f  K  a e r o g e n e s  
I s o l a t i o n  o f  a  s u p e r  p r o d u c i n g  o r g a n i s m

V a r i o u s  s t r a i n s  o f  K  a e r o g e n e s  ( A 1 1 1 M ,  A 1 1 1 ,  F G 1 1 2  a n d  
A 1 1 2 )  w e r e  g r o w n  o n  a g a r  p l a t e s  c o n t a i n i n g  M 9  s a l t s  a n d  0 . 2 %  
x y l i t o l  a s  t h e  o n l y  c a r b o n  s o u r c e .  A f t e r  a n  o v e r n i g h t  i n c u b a t i o n  
a t  3 7 ° C  t h e  l a r g e s t  s i n g l e  c o l o n i e s  w e r e  p i c k e d  f r o m  e a c h  p l a t e  
a n d  t h e n  s t r e a k e d  o n  f r e s h  a g a r  p l a t e s  o f  t h e  s a m e  c o m p o s i t i o n .  
T h e  p r o c e d u r e  w a s  r e p e a t e d  u n t i l  t h e  o r g a n i s m s  w e r e  f i r m l y  
e s t a b l i s h e d  a t  w h i c h  s t a g e  t h e  l a r g e s t  s i n g l e  c o l o n i e s  w e r e  
a g a i n  p i c k e d ,  b u t  t h i s  t i m e  t r a n s f e r r e d  o n t o  " l o w  x y l i t o l "  
p l a t e s  ( 0 . 0 5 %  x y l i t o l ) . E a c h  d a y  t h e  l a r g e s t  s i n g l e  c o l o n i e s  
w e r e  p i c k e d  a n d  t r a n s f e r r e d  t o  f r e s h  " l o w  x y l i t o l  p l a t e s " .
A f t e r  1 0  d a y s ,  t h e  l a r g e s t  s i n g l e  c o l o n i e s  w e r e  s e e n  f r o m  
s t r a i n s  F G 1 1 2 ,  A 1 1 2  a n d  A 1 1 1 M .  I t  w a s  t h e r e f o r e  d e c i d e d  t o  
g r o w  t h e s e  a s  l i q u i d  c u l t u r e s .
Liquid cultures

The culture medium used was 200 mis of M9 salts 
supplemented with 2% casamino acids. The flasks were inoculated 
with the various organisms and then incubated in a Gallenk mp 
orbital incubator overnight at 37°C with the shaker speed set at



1 6 0  r . p . m .  - t o : v - r v - t
C e l l  l y s i s

T h e  c e l l s  w e r e  h a r v e s t e d  b y  c e n t r i f u g a t i o n  i n  S o r v a l l  
G S A  2 5 0  m i s  b u c k e t s  a t  5 8 7 5  g  f o r  1 0  m i n u t e s  a t  4 ° C .  T h e  
s u p e r n a t a n t s  w e r e  d i s c a r d e d  a n d  t h e  p e l l e t s  w e r e  r e s u s p e n d e d  
i n  2 0  m i s  o f  b u f f e r  m a d e  b y  m i x i n g  t o g e t h e r  t h e  f o l l o w i n g  
i n g r e d i e n t s :

2 0  m i s  p o t a s s i u m  p h o s p h a t e  p H 7
2  m i s  1 M  M g C l  s o l u t i o n
1 . 6  m i s  0 . 2 5 M  E D T A  p H 7
0 . 2 8  m i s  2 - m e r c a p t o  e t h a n o l
4  m i s  . 0 1 M  P M S F
3 7 2  m i s  h i g h  p u r i t y  w a t e r .

T h e  r e s u l t a n t  s u s p e n s i o n s  w e r e  t r a n s f e r r e d  t o  4 5  m i s  p o l y ­
c a r b o n a t e  t u b e s  a n d  t h e  c e l l s  w e r e  p e l l e t e d  a t  5 0 0 0  g  f o r  
5  m i n u t e s  a t  4 ° C .  T h e  p e l l e t s  w e r e  r e s u s p e n d e d  i n  t h e  a b o v e  
b u f f e r  a n d  t h e  p r o c e d u r e  w a s  r e p e a t e d .  F i n a l l y ,  t h e  c e l l s  
w e r e  s u s p e n d e d  i n  5  m i s  o f  p o t a s s i u m  p h o s p h a t e  p H  7  a n d  
t h e n  r u p t u r e d  b y  s o n i c a t i o n .
E n z y m e  a s s a y

R i b i t o l  d e h y d r o g e n a s e  a c t i v i t y  w a s  m e a s u r e d  b y  f o l l o w i n g  
t h e  p r o d u c t i o n  o f  N A D H  +  H +  a t  3 4 0  n m  i n  t h e  p r e s e n c e  o f  
D - r i b i t o l  s p e c t r o p h o t o m e t r i c a l l y . T h e  a s s a y  m i x  w a s  p r e p a r e d  
a s  f o l l o w s .

9  m i s  0 . 3 M  p o t a s s i u m  p h o s p h a t e  p H  7 . 0
2 . 2 5  m i s  1 0 m H  N A D  +  s o l u t i o n
1 . 3 5  m i s  1 M  r i b i t o l
14.4 mis distilled water.

All assays were performed within 4 hours of the extraction.
Prote in estimation

To determine the total protein in the supernatant the
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t e c h n i q u e  o f  B r a d f o r d  ( B r a d f o r d ,  M .  1 9 7 6 )  w a s  u s e d .  T h e  a s s a y  
m i x  w a s  p r e p a r e d  a s  f o l l o w s ;

1 0 0  m g  o f  C o o m a s s i e  B l u e  G 2 5 0  w a s  d i s s o l v e d  i n  5 0  m i s  o f  
9 5 %  E t O H .  T o  t h i s ,  1 0 0  m i s  o f  8 5 %  ( v / v )  w e r e  a d d e d .  T h e  
r e s u l t a n t  s o l u t i o n  w a s  t h e n  d i l u t e d  w i t h  h i g h  p u r i t y  w a t e r  t o  
g i v e  a  f i n a l  v o l u m e  o f  1 1 .

T h e  u n k n o w n  w a s  a d d e d  t o  a  t e s t  t u b e  a n d  t h e  v o l u m e  
w a s  m a d e  u p  t o  1 m l  w i t h  w a t e r .  4  mis o f  t h e  B r a d f o r d  r e a g e n t  
w a s  t h e n  a d d e d  a n d  t h e  a b s o r b a n c e  r e a d  a t  5 9 5  n m  a f t e r  2  m i n u t e s .  
R e s u l t s :
B a c t e r i a l  s t r a i n :  A 1 1 2  A 1 1 1 M  F G 1 1 2
S p e c i f i c  a c t i v i t y :  6 . 7 2 6  4 . 0 6 2  9 . 0 1 2
( S p e c i f i c  a c t i v i t y  =  j i m o l e s  N A D H  f o r m e d / h o u r / m g  o f  p r o t e i n )  .

F r o m  t h e s e  r e s u l t s  i t  w a s  d e c i d e d  t o  u s e  K  a e r o g e n e s  
s t r a i n  F G 1 1 2  f o r  l a r g e  s c a l e  c u l t u r e  a n d  i s o l a t i o n  o f  r i b i t o l  
d e h y d r o g e n a s e .
P u r i f i c a t i o n  o f  r i b i t o l  d e h y d r o g e n a s e

E s s e n t i a l l y  t h e  s a m e  p r o c e d u r e  a s  t h a t  r e p o r t e d  b y  R i g b y  
e t  a l  ( R i g b y ,  P . W . J .  e t  a d  1 9 7 4 )  w a s  f o l l o w e d .

L a r g e  s c a l e  c u l t u r e s  o f  s t r a i n  F G 1 1 2  w e r e  g r o w n  b y  
t h e  I m p e r i a l  C o l l e g e  P i l o t  P l a n t  f o r  2 4  h o u r s  a t  3 7 ° C  i n  m e d i u m  
c o n t a i n i n g  c a s a m i n o  a c i d s  ( 1 2 . 0 g / l ) ,  N a 2 H P O ^  ( 2 . 0 g / l ) ,  K ^ H P O ^  
( 2 . 0 g / l )  a n d  M g S O ^  ( 1 . 2 g / l ) . T h e  c e l l s  w e r e  h a r v e s t e d  b y  

c e n t r i f u g a t i o n  a n d  s t o r e d  a s  a  f r o z e n  c e l l  p a s t e  a t  - 2 0 ° C .
The cell paste was thawed into 2 litres of potassium 

phosphate buffer pH7 containing 1OmM 2-mercapto ethanol and 
1mM PMSF. The suspension was disrupted by two successive 
passages through a Menton Gaulin homogeniser. The passate 
was centrifuged in a Sorvall RS at 600 rpm for 30 minutes.
The supernatant was pooled and cold distilled water containing
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0 . 1 m M  P M S F  a n d  1 . 0 m M  2 - m e r c a p t o  e t h a n o l  w a s  a d d e d  t o  l o w e r  
t h e  c o n d u c t i v i t y  t o  b e l o w  1 m S . T h e  s o l u t i o n  w a s  t h e n  a d d e d  
t o  9 0 0 g  o f  D E 2 3  i o n  e x c h a n g e  r e s i n  e q u i l i b r a t e d  i n  1 0 m M  
p o t a s s i u m  p h o s p h a t e  p H  7 .  T h e  s u p e r n a t a n t  w a s  s h o w n  t o  c o n t a i n  
n o  r i b i t o l  d e h y d r o g e n a s e  a c t i v i t y  a n d  w a s  s u b s e q u e n t l y  d i s c a r d e d .  
T h e  r e s i n  w a s  t h e n  w a s h e d  w i t h  1 0 0 m M  p o t a s s i u m  p h o s p h a t e  p H 7 ,  
a n d  t h i s  t i m e  t h e  s u p e r n a t a n t  d i d  h a v e  t h e  d e s i r e d  e n z y m i c  
a c t i v i t y .  1 f 2 5 2 g  o f  A m m o n i u m  S u l p h a t e  w e r e  s l o w l y  a d d e d  w i t h  
s t i r r i n g  t o  g i v e  5 0 %  s a t u r a t i o n .  A f t e r  3 0  m i n u t e s  t h e  
r e s u l t a n t  p r e c i p i t a t e  w a s  r e m o v e d  b y  c e n t r i f u g a t i o n  a n d  d i s s o l v e d  
i n  2  l i t r e s  o f  1 0 m M  p o t a s s i u m  p h o s p h a t e  p H 7 .  T h e  r e s u l t a n t  
s o l u t i o n ,  w h i c h  w a s  s h o w n  t o  p o s s e s s  r i b i t o l  d e h y d r o g e n a s e  
a c t i v i t y ,  w a s  d i a l y z e d  a g a i n s t  6 4  l i t r e s  o f  5 m M  p o t a s s i u m  
p h o s p h a t e  p H 7  c o n t a i n i n g  1 m M  P M S F  a n d  1 O m M  2 - m e r c a p t o  e t h a n o l .
T h e  d i a l y s a t e  w a s  p o o l e d  a n d  l o a d e d  o n t o  a  g l a s s  c o l u m n  ( 2 5 c m  
x  6 c m )  c o n t a i n i n g  D E  5 2  i o n  e x c h a n g e  r e s i n . e q u i l i b r a t e d  w i t h  
1 O m M  p o t a s s i u m  p h o s p h a t e  p H 7  g r a d i e n t  c o n t a i n i n g  1 m M  P M S F  a n d  
1 0 m M  2 - m e r c a p t o  e t h a n o l .  T h e  c o l u m n  w a s  e l u t e d  w i t h  a  1 0 m M -  
8 0 m M  p o t a s s i u m  p h o s p h a t e  p H 7  g r a d i e n t  c o n t a i n i n g  1 m M  P M S F  
a n d  1 0 m M  2 - m e r c a p t o  e t h a n o l .  T h e  f r a c t i o n s  s h o w i n g  r i b i t o l  
d e h y d r o g e n a s e  a c t i v i t y  w e r e  p o o l e d  a n d  c o n c e n t r a t e d  b y  A m i c o n  
f i l t r a t i o n  u s i n g  a  P M 3 0  m e m b r a n e  a n d  o p e r a t i n g  a t  5 0  p s i .
F i n a l  p u r i f i c a t i o n  w a s  a c h i e v e d  b y  c h r o m a t o g r a p h y  u s i n g  a n  
U l t r o g e l  A c A 4 4  c o l u m n  ( 7 5 c m  x  5 c m )  ^  T h e  p u r i f i c a t i o n  p r o c e d u r e  
i s  s u m m a r i z e d  i n  f i g .  4 . 1 .
Notes

The flow rates of columns were controlled with an LKB 
12000 Varioperspex peristaltic pump. The UV absorbance of 
the column effluent was monitored with an LKB Uvicord II system 
and the fractions were collected using an LKB 7000 Ultrorac 
sy s te111 f i t: ted wi th a drop coun fce r .
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Fig 4.1 cont’d. Elution profile of the DE 52 column.

Operating conditions.
Column Dimensions: 
Temperature:
Mobile Phase:

Pressure:
Mode of Detection:
Volume of fractions 
collected:

25cm X 6cm.
4° C.

10-80mM potassium phosphate 
pH 7.0 gradient.
Peristaltic pump.
E 280 Enzyme assay.

lOmls.

Bed volume: 700mls
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Fig 4*1 c o n t ’d. Elution p r o f i l e  of Ac A44 column.

Operating conditions.
Column Dimensions:
Temperature:
Mobile Phase:
Pressure.
Detection:
Volume of fractions: 
Bed Volume:

75cm X 5cm.
4° C.
lOmM potassium phosph
ate pH 7.0
Peristaltic Pump.
Eo0_ and enzyme assay 
26 0
lOmls.
1,450mls.



4 2  : _
D E  5 2  w a s  s u p p l i e d  i n  a  p r e  s w o l l e n  f o r m  a n d  s o  d i d

n o t  r e q u i r e  p r e c y c l i n g .  H o w e v e r ,  b e f o r e  p a c k i n g  c o l u m n s
t h e  r e s i n  w a s  e q u i l i b r a t e d  t o  t h e  p H  a n d  i o n i c  s t r e n g t h  o f
t h e  l o a d i n g  b u f f e r  b y  r e p e t i t i v e  w a s h i n g  u n t i l  t h e  p H  o f  t h e
b u f f e r  r e m a i n e d  c o n s t a n t .  C o l u m n s  w e r e  p a c k e d  a t  h i g h  f l o w
r a t e s ,  a s  r e c o m m e n d e d  b y  t h e  m a n u f a c t u r e r s  a n d  t h e n  w a s h e d
o v e r n i g h t  w i t h  t h e  l o a d i n g  b u f f e r  b e f o r e  t h e  a p p l i c a t i o n  o f
t h e  s a m p l e .

U l t r a g e l  A c A 4 4 ,  w h i c h  i s  s u p p l i e d  p r e  s w o l l e n ,  w a s  p a c k e d  
b y  p u m p i n g  a t  t h e  f l o w  r a t e  r e c o m m e n d e d  b y  t h e  m a n u f a c t u r e r s  
a n d  w a s  e q u i l i b r a t e d  w i t h  a t  l e a s t  t w o  c o l u m n  v o l u m e s  o f  b u f f e r .  
C o l u m n s  w e r e  l o a d e d  b y  p u m p i n g  t h e  s a m p l e  d i r e c t l y  i n t o  t h e  g e l .

D E  2 3  w a s  p r e c y c l e d  p r i o r  t o  u s e  a s  r e c o m m e n d e d  b y  t h e  
m a n u f a c t u r e r s .

eC h a r a c t e r i s a t i o n  o f  r i b i t o l  d y h y d r o g e n a s e
T h e  p e a k  f r a c t i o n s  f r o m  t h e  A c A 4 4  c o l u m n  w e r e  p o o l e d  

g i v i n g  a  f i n a l  v o l u m e  o f  3 0 0  m i s .  T h i s  p o o l  w a s  c o n c e n t r a t e d  
b y  A m i c o n  f i l t r a t i n g ,  g i v i n g  a  f i n a l  v o l u m e  o f  5 0  m i s .  T h e  
e n z y m e  w a s  s h o w n  t o  b e  p u r e  b y  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  
a n d  w a s  t h e n  d i a l y z e d  i n t o  5 0 %  g l y c e r o l  c o n t a i n i n g  0 . 1 m M  P M S F ,
0 . 1 m M  E D T A  a n d  1 0 m M  2 - m e r c a p t o e t h a n o l . T h e  e n z y m e  w a s  s t o r e d  
a t  a  c o n c e n t r a t i o n  o f  2 0  m g / m l  a t  - 2 0 ° C .  T h e  s p e c i f i c  a c t i v i t y  
o f  t h e  p u r i f i e d  e n z y m e  w a s  9 3 . 2  u n i t s / m g  p r o t e i n .

T h e  s u b u n i t  m o l e c u l a r  w e i g h t  o f  r i b i t o l  d e h y d r o g e n a s e  
w a s  d e t e r m i n e d  b y  S D S  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s .  T h e  
m a r k e r s  u s e d  w e r e  a s  f o l l o w s ;

Marker M. Wt.
BSA 68,000
Aldolase 40,000
Pepsin 35,000

Chymotrypsi r) open 27,700
T 1 .1 i n n



T h e  M . W t .  w a s  d e t e r m i n e d  o n  b o t h  1 2 . 5 %  a n d  1 5 %  g e l s .  T h e  
v a l u e s  o b t a i n e d  w e r e ,
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1 2 . 5 %  g e l  2 1 , 9 0 0  ( S e e  fig. 4 . 2 )
1 5 %  g e l  2 2 , 0 0 0

T h e  M i c h a e l i s  c o n s t a n t  a n d  m a x i m a l  r a t e  for both 
r i b i t o l  a n d  x y l i t o l  w e r e  d e t e r m i n e d  f o r  r i b i t o l  dehydrogenase 
T h e  r e s u l t s  a r e  p r e s e n t e d  b e l o w .

S u b s t r a t e  V  K- - - - - - -  m a x  m
R i b i t o l  4 6 . 5  u n i t s  1 5 . 4  m M
X y l i t o l  8 . 6  u n i t s  1 5 3 . 8  m M

F u r t h e r m o r e ,  i t  w a s  s h o w n  t h a t  t h e  K  f o r  N A D +  w a s  0 . 4  m M .m
T h e s e  v a l u e s ,  t o g e t h e r  w i t h  t h e  s u b u n i t  M . W t .  d e t e r m i n a t i o n s ,  
a r e  c o n s i s t e n t  w i t h  w h a t  h a s  b e e n  p u b l i s h e d  i n  t h e  l i t e r a t u r e  
O t h e r  t e c h n i q u e s  
S E M  a n a l y s i s  o f  p o r o u s  n i c k e l

S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  w e r e  p r o d u c e d  u s i n g  a  
P h i l i p s  T 2 0 0  e l e c t r o n  m i c r o s c o p e .  T h e  s a m p l e  o f  i n t e r e s t  
w a s  m o u n t e d  o n t o  a  s t e e l  s t a g e  u s i n g  e p o x y  r e s i n .  A  s m a l l  
g l o b u l e  o f  s i l v e r  w a s  u s e d  t o  e a r t h  t h e  n i c k e l  s a m p l e ,  
t h e r e b y  p r e v e n t i n g  t h e  b u i l d - u p  o f  a n y  s t a t i c  e l e c t r i c i t y .
T h e  s a m p l e  w a s  s h a d o w e d  w i t h  g o l d  b y  p l a c i n g  i t  i n t o  a n  
e v a c u a t e d  v e s s e l  i n t o  w h i c h  v a p o r i z e d  g o l d  w a s  introduced.
T o  e n s u r e  e v e n  s h a d o w i n g  t h e  s a m p l e  w a s  r o t a t e d .  T e c h n i c a l  
d a t a ,  e . g .  m a g n i f i c a t i o n ,  a c c e l e r a t i o n  v o l t a g e ,  e t c . ,  i s  
g i v e n  i n  t h e  text.

Powder X-ray diffraction patterns
Samples were pulverized by grinding with a pestle and 

mortar and then loaded into a glass capillary tube which, was 

then mounted in a Debye-Scherrer camera. The source of the

radiation was a C 11 anode tube with a N i f i1te r , mon<:>ohroma ted

to give CuK j. ra d i.at ion ( .1 1 . r> 4 2 A ) . The tod l a i wa s
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Fig 4*2. Subunit molecular weight determination by 
SDS polyacrylamide gel electrophoresis*

Subunit molecular weight 
21,900 
22,000

Gel.
12.5%
15.0%



p r o d u c e d  b y  a  P h i l i p s  1 3 1 0  X - r a y  g e n e r a t o r  o p e r a t i n g  a t  3 5  k V  
a n d  3 2  m A .  T h e  f i l m  u s e d  t o  r e c o r d  t h e  d i f f r a c t i o n  p a t t e r n  
w a s  K o d a k ,  N S  3 9 2 T  N o  S c r e e n  f i l m .  T h e  f i l m  w a s  e x p o s e d  f o r  
4 5  m i n u t e s .
P r e p a r a t i o n  o f  S a m p l e  f o r  I n f r a  R e d  S p e c t r o s c o p y

I n  o r d e r  t o  p r e p a r e  a  s a m p l e  w i t h  s u f f i c i e n t  I . R .  
a c t i v e  m a t e r i a l  a n d  a c c e p t a b l e  l i g h t  s c a t t e r i n g  p r o p e r t i e s ,  
t h e  s a m p l e s  w e r e  p r e p a r e d  a s  f o l l o w s .

T h e  n i c k e l  o x i d e  f i l m  w a s  s c r a p e d  o f f  t h e  s u r f a c e  o f  t h e  
p o r o u s  n i c k e l  a n d  t h e n  p u l v e r i z e d  u s i n g  a  p e s t l e  a n d  m o r t a r .  
T h e  p o w d e r  w a s  m i x e d  w i t h  p o t a s s i u m  b r o m i d e  i n  t h e  r a t i o  
1 p a r t  n i c k e l  o x i d e  t o  5  p a r t s  p o t a s s i u m  b r o m i d e .  T h e  s a m p l e  
w a s  t h e n  s u b j e c t e d  t o  4 0 0 0 l b s  o f  p r e s s u r e  i n  a  h y d r a u l i c  p r e s s ,  
g i v i n g  a  p o t a s s i u m  b r o m i d e / n i c k e l  o x i d e  d i s c  w i t h  t h e  a b o v e  
p r o p e r t i e s .  P r i o r  t o  d e t e r m i n i n g  t h e  I . R .  S p e c t r u m ,  t h e  d i s c  
w a s  d e s s i c a t e d  u n d e r  v a c u u m  t o  r e m o v e  a l l  t r a c e s  o f  m o i s t u r e .  
A s s a y i n g  I m m o b i l i z e d  E n z y m e  A c t i v i t i e s

T h e  a s s a y  p r o c e d u r e  f o r  s o l u b l e  r i b i t o l  d e h y d r o g e n a s e  
h a s  a l r e a d y  b e e n  d i s c u s s e d .  I n  a  s i m i l a r  f a s h i o n ,  s o l u b l e  
a l c o h o l  d e h y d r o g e n a s e  w a s  a s s a y e d  s p e c t r o p h o t o m e t r i c a l l y  b y  
f o l l o w i n g  t h e  p r o d u c t i o n  o f  N A D H ,  i n  t h e  p r e s e n c e  o f  a l c o h o l ,  
a t  3 4 0  n m .  S o l u b l e  g l u c o s e  o x i d a s e  a c t i v i t y  w a s  a s s a y e d  b y  
m o n i t o r i n g  t h e  d e c r e a s e  i n  d i s s o l v e d  o x y g e n  t e n s i o n  i n  t h e  
p r e s e n c e  o f  g l u c o s e  b y  u s i n g  a  C l a r k  t y p e  o x y g e n  e l e c t r o d e  
o p e r a t i n g  a t  - 0 . 6  V  v s  S C E .  F o r  m a x i m a l  s e n s i t i v i t y ,  a  
t e f l o n  m e m b r a n e  w a s  a l w a y s  e m p l o y e d .

The activities of the immobilized dehydrogenases were 

assayed using the apparatus shown in fig. 4.2. (An explanation 

of the apparatus together with its modus operandi is also 

presented).

Immobilized glucose ox Ida so was assayed bv adapti nu the

45
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C l a r k  t y p e  o x y g e n  e l e c t r o d e  s o  t h a t  t h e  p o r o u s  n i c k e l  d i s c  
c o u l d  b e  s u s p e n d e d  i n  t h e  assay buffer (fig. 4 . 3 ) .  T h e  
e n z y m e  w a s  a s s a y e d  b y  m e a s u r i n g  t h e  d e c r e a s e  i n  d i s s o l v e d  
o x y g e n  t e n s i o n  i n  t h e  p r e s e n c e  of g l u c o s e .



Apparatus for determining 
immobilized enzyme activity.

Fig 4*3. The apparatus shown above was used to determine 
immobilized dehydrogenase activity. The basic operational 
features of the apparatus are as follows#
1, The enzyme catalysed reaction takes place in the reaction 
vessel. The reaction is started by adding substrate to the 
vessel via the injection port. The immobilized enzyme is 
suspended in the vessel where it is bathed by the assay 
solution. A magnetic stirring bar ensures efficient mixing 
of the solution.
2, When the pump is switched on, a small portion of the 
reaction solution is drawn into the spectrophotometer. (The 
solution passes through a quartz flow cell with a working
volume of 100^1.) The spectrophotometer monitors the change 
in absorbance at 340nrn, i. e. the production of NADH from 
the enzyme catalysed reaction. The sampled aliquot is then 
returned to the bulk assay solution.
3, The reaction can be stopped at any given time simply
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by removing the immobilized enzyme from the reaction 
solution.
4$ With this apparatus, immobilized activities can be 
expressed in terms of ^OD /unit time. It is thus 
possible to compare rates under different experimental 
conditions e.g. temperature and pH.
5t The reaction vessel can be fitted with a water jacket 
where temperature control is necessary.

Notes:
The variable parameters of the apparatus were standardised 
as follows;

-11. Flow rate. 1ml min •
2. Recording wavelength. A -  340nm.
3. Stirrer speed. Maximum.

Operational Notes;
Because of the magnetic nature of the porous nickel care
had to be taken to ensure that the nickel support did not
get too close to the magnetic stirring bar.
Early experiments showed that rapid stirring was needed
to obtain linear traces from the chart recorder.
When the immobilized enzyme was removed from the reaction
mixture a lag of 2 to 5 seconds was commonly observed
before A od bee cane zero.340
■Instrumentation.
The change in optical absorbance was monitored using a 
Gilford 252 spectrophotometer, fitted to a Unicam 3P500 
monochromator. Rates of change of absorbance were determined 
using a Gilford 600 chart recorder. The temperature of the 
reaction vessel was controlled by circulating water from a 
Grant SSI5 water bath.



Diagram of oxygen electrode adapted for measuring 
immobilized glucose oxidase activity.

The glucose oxidase immobilized onto porous nickel was
immersed in the cell as indicated above. The reacion was
started by injecting an aliquot of glucose into the cell.
The immobilized activity was monitored by following the
decrease in the concentration of dissolved oxygen.
Immobilized glucose oxidase activity was expressed in terms
of A o o/unit of time.
Operational notes:
The potential was maintained at -0.6 volts.
By selecting a suitable volume of assay buffer, the nickel 
square could be removed from the solution without having
to remove the stopper.
To increase the sensitivity, a Teflon membrane was always 
us ed»
The immobilised enzyme was monitored in o.lk sodium phosph­
ate buffer pH 7.C. The temperature of the cell was controlled
h” rculntirq, '-.-Pt from a Grant 5G13 water bath.
T f  ' ; "r ctreef '  V ' c a r a t u s  war Herb op e l e c t r o n i c # 

q t- • ■' -;f dissolved o v ;-ro determined using a
phi if.. eh "" 'a. cord‘■■r.
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CHAPTER 5

RESULTS

SURFACE OXIDATION OF THE POROUS NICKEL

In general terras there are two ways in which an oxide 
film can be formed on the surface of a metal. The first of 

these, dry corrosion, involves heating the metal at high 
temperatures in an oxidizing atmosphere. The second pro­

cedure, wet corrosion, involves placing the metal in contact 
with an aerated aqueous electrolyte so that it dissolves, i.e.
M--- ►Mn+ + ne . The tendency of the metal to dissolve will
be related to its standard electrode potential in so far 
that the higher the potential, the lower the driving force 
behind the process of dissolution.

In general, the surface films formed during dry corrosion 

tend to be thicker and more stable than those formed during 
the wet process. The importance of obtaining a stable oxide 
layer has already been mentioned in the introduction. It 
was therefore decided to oxidize the surface of the porous 
nickel by the dry corrosion technique.

The Ellingham diagram for oxides, fig. 5.1, shows that 
most metal oxides have a - A g ° value, which indicates that a 
metal will tend to react spontaneously with oxygen under 
normal conditions to form an oxide . if the metal is heated 

in the presence of oxygen, thicker films .will be formed.
The temperature, however, cannot be increased indefinitely, 

since at very high temperatures the surface oxide may blister 

and crack, or even decompose.

The oxide films formed on the surfaces of metals during 

dry corrosion can be divided into three main types.
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Fig 5.1. Ellingham diagram for oxides
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1. Those films which offer no protection to the metal 

and consequently the oxide grows linearly with time.
2. Those films which offer intermediate protection, in 

the sense that the rate of oxidation decreases with time.

3. Those films which entirely protect the metal after 
they have grown to a definite thickness. For such a film
it is expected that as y, the thickness of the film, increases, 
the rate of increase of y will decrease with time.

It has been shown ( Hill R.B. 1964 ) 
that the oxide film formed by heating nickel at 900°C in 
the presence of oxygen grows to a thickness of 50A.

iDescription and formation of the NiO film

NiO films are cation deficient, and growth of the NiO
layer takes place by the diffusion of Ni^ + ions via the

2+  2-vacant lattice sites in the Ni 0 crystal lattice outwards
from the metal-oxide interface to the oxide-gas interface.
(A schematic representation of this is shown in fig. 5.2).

Furthermore, NiO is a p type semiconductor, so the electrons
produced by the reaction Ni— >Ni^+ + 2e are conducted to the
oxide-gas interface by +ve hole conduction. This can be
represented as Ni^+ + 1 e --->Ni^+ . At the oxide gas interface
the oxygen is adsorbed on the surface of the film where the

-  2 -reaction + 2 e--->0 takes place. Thus, dry corrosion
of nickel can be thought of as a 2 step process;

1. Cationic diffusion .
2. p-type electronic conduction.

Mass transport through the film will be the major factor 

affecting the growth rate of the film. When this becomes 

limiting, film grow th w i11 s t o p .

K xpe rime n t u_l

1 cm 2 pieces (..)t porous n : o k •• 1 wen' cu t f rom tin * ma i n
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•y
ni2< o2- Nl24 O2- Nl® 0*~ Nl24 O2"
oz~ Nl24 o2-fc|

V  \
02'\l24 O2' N ©

NlMetal
ni24
02“

O2" Nl© O2-
/  \Nl24 02~ Ni'24

ni2+ o2-— -T~l o2v ^ ^  
o2' m 2t''/d2- N ©  G°*

/Nl24 02_ ni24 O2" Nl24 02_ Nl24 02“
02~ Ni24 02_ Nl24 02_ Ni24 02~ Nl24
Metal/ Oxide/
oxideInterface Ni2+- gasInterface

Fig 5*2. Representation of the growth of the 
oxide film on the surface of nickel. The oxide 
film grows by a two step process.
1 Cationic diffusion.
2 p-type electronic conduction.
(Dcvl-Oc Will, R.£. (M&k)).
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sheet, with a sharp pair of scissors and placed into heat
resistant clay boats. At this stage the nickel squares had
a dull grey appearance. The boat was then placed into a
Griffin electric oven, preheated to 900°C. Dry oxygen was

-1passed into the furnace, at a flow rate of 5 mis min , and
the reaction Ni + -- >NiO was allowed to proceed. When
the consumption of oxygen had ceased the reaction was considered 

complete.
The boat was removed and allowed to cool. On inspection 

it was observed that the nickel squares had taken on a green 
colour. Furthermore, it was found that the porous matrix had 

become extremely brittle and could no longer be cut with 
scissors as before.

Powder x-ray diffraction analysis of the surface layer 
from the oxidized material indicated that the only phase 
present was NiO (plate 5.1). S.E.M. photographs obtained 
from the oxidized porous nickel showed that the porous 
structure of the matrix was still intact (plate 5.2).
DERIVITIZATION OF THE POROUS NICKEL

The reasons for using cyanuric chloride as the derivitizing 
agent have already been discussed.

Cyanuric chloride (2,4,6-trichloro-1 , 3,5-triazine) is a 
colourless solid which crystallises from carbon tetrachloride 

as large monoclinic crystals. Cyanuric chloride is a trichloro—
tsubstitued derivative of the parent sym triazine.

ClParent triaz ine  2,A,6 trichloro-s-triazine



Plate 5.1

1. Powder diffraction photograph of nickel.

2. Powder diffraction photograph of nickel oxide.

/iEach sample was exposed to Cu K radiation (A = 1.542A) 
35KV, 32mA for 45 minutes, to produce the diffraction 
patterns. In each case the camera diameter was 114.33mm 
with the film mounted in the Straumanis position.



5 5
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Identification of two powders by X.R.D.

Each sample was pulverized and loaded into a glass 
capilliary tube, which was then mounted in a Debye-Scherrer 
camera. The samples were exposed to Cu radiation
( A = 1.542 X) 35kV, 32mA for 45 mins, to produce their 
diffraction patterns. In each case the camera diameter was 
114.83mm with the film loaded in the Straumanis position.

1. Untreated Porous Nickel

2 d/(A) Rel I

44.5 2.036 V.S .
51.85 1.763 S

76.35 1.247 M
93.5 1.058 M
98.9 1.014 W

122.25 0.880 v.w
145.0 0.808 D

156.0 _________, 0.788 D

This corresponds to J.C.P.D.S. file No. 4-850 Ni phase.
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2. High temperature treated porous nickel

2 d/(A) Rel I

37.15 2.420 S

43.2 2.094 V.S .

44.6 2.032 W *

51 . 9 1 . 762 V.W. *
62.8 1 .480 s
75.4 1.261 M

79.4 1 . 207 M
93.8 1 .055 v.v.w *

95.8 1 .038 v.w.
107.25 0.957 v.w.
111.4 0.932 M
129.5 0.852 W

147.25 0.803 V.V.W

* These lines 
are attri­

butable to 
the Ni phase 

(4-850)

This pattern corresponds to J.C.P.D.S. file No. 4-835 NiO 

phase. There is, however, a very small amount of Ni phase 

also present.
Key: S-strong, M-medium, W-weak, V-very, D-diffuse.



Plate 5.2

Scanning Electron Micrographs of the surface of 
porous nickel after it has been oxidized under 
the conditions described in the text*
A.
Magnification: X 3,500
Length of calibration bar: lOfjm.

Accelerator voltage: 25KV.
Microscope: Philips T 200.

B.

Magnification: X 2,000'
Length of calibration bar: lO^m*
Accelerator voltage: 25KV.
Microscope: Philips T 200.

There are two important points to note in 
these photographs.
(1) The porous structure of the matrix has remained 
intact under the oxidizing conditions. This is indica­
tive of the fact that fusion and/or atomic migration 
have not occured to any great extent under these 
conditions.
(2) The pitted surface present in the untreated 
nickel is no longer present. Presumably the smooth 
surface is attributeable to the formation of a
smooth surface oxide layer.





59

Although structurally similar to trichloro benzene, 
cyanuric chloride is not chemically inert. As a rule, the 
Cl atoms of cyanuric chloride are more reactive than those 
of an alkyl chloride but less active than those of an acyl 

chloride.
Cyanuric chloride has been used to covalently attach 

enzymes onto water insoluble supports (Kay, G. and Crook, 
E.M. (1967)) for use in affinity chromatography. The two 

reactions which make this possible are; (1) the reaction of 
cyanuric chloride with hydroxy compounds, and (2) the 
reaction of cyanuric chloride with amino groups. The 
reactions are summarized below.

Cl

N
hN Cl

+ ROR 
N

Cl

(R= Na,H.) 

C lv ^ N ^ C l

N N+ nh2r

Cl

c i ^ n ^ o r

C l

+RCI

Cl ■N

N N

NH-R 
+ HCl

Cl

Experimental

i) Maximizing the number of surface reactive hydroxy groups.
In order to maximize the number of surface reactive 

hydroxy groups the surface was converted to the alkali earth 

alkoxide species, Ni-ONa. This was achieved simply by 

refluxing the oxidized porous nickel square in a saturated
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alcoholic solution of sodium hydroxide for a period of 6 hours 

after which time the reaction was considered complete. It is 
important to note that the analogous reaction with mineral 
acid, i.e. N i - o — — >Ni-0H (surface hydroxyl formation) is 

not suitable in this case, since nickel oxide dissolves in 
acidic conditions. However, as indicated by reaction scheme 1 
above, cyanuric chloride can react with both hydroxyl and 
earth alkoxide groups. Following this treatment, the nickel 

square was removed from the reaction vessel and washed 
thoroughly in ethanol. The square was then stored dessicated 

in the presence of sodium hydroxide,
ii) Reaction with cyanuric chloride.

Acetone was chosen as the reaction solvent for the following 
reasons:

(i) Acetone is inert towards cyanuric chloride.
(ii) Acetone is safe and easy to distil.

(iii) The solubility of cyanuric chloride in acetone 
is 25g/10Qg of solvent.

Prior to use, the acetone was distilled over molecular 
osieve (4A). The distilled acetone was then stored in the 

presence of molecular sieve to ensure it remained dry.

Cyanuric chloride (99% Aldrich Chemical Co.) was used 
without further purification. The porous nickel square was 

reacted with 5g of cyanuric chloride in 20ml dry acetone for 
3 hours with refluxing. After this period, the derivitization 
reaction was considered complete. The porous nickel square 

was quickly removed from the reaction flask and washed in 

100mls of dry acetone to remove any adsorbed reagent. The 

square was then removed and stored in a dessicator in the 

;>resenee of s i ]. ica qe 1 to |•>re vent hydrolysis of the su r f ace
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immobilized C-Cl bonds by surface moisture. The derivitized 

squares were stored under vacuum until needed. 
CHARACTERIZATION OF THE DERIVITIZED SURFACE

The types of techniques which are available fo r the 
characterization of surface bound species are summarized 
below. The technique is presented together with the type of 
information that is obtained from the experiment.

Technique Information obtained

i) Scanning Electron Microscopy (SEM) Structure
ii) Photoacoustic Spectroscopy Molecules.
iii) Secondary Ion Mass Spectrometry Molecular fragments.

(SIM)
iv) Infrared )

) Bonds
v) Laser Raman )
vi) X-Ray Photoelectron Spectroscopy )

) Atoms
vii) Auger )

The choice of technique that was used in this 
investigation was determined by two factors.
(1) The nature of the sample.
(2) Availability of instrumentation.

Infra Red Spectroscopy
Infrared spectroscopy will yield information about the 

groups present on the porous nickel. The application of this 

technique to the study of modified electrodes has been 
pioneered by Dubois (Dubois, J.E. et a_l (1981)). In order to 

obtain sufficient signal Dubois employed a multiple pass 
technique in which the beam was reflected between two metallic 

mirrors, one of which was also the electrode to be studied. 

Because of the non reflective nature of the porous nickel, 

such a technique was not apoldoable and so other techniques



had to be investigated. These will be described later.
The experimental strategy was to compare the I.R. 

spectrum of the NiO before and after derivitization with 

cyanuric chloride by difference spectroscopy and to see if 
any differences could be detected corresponding to the 
derivitizing agent.

It should be noted that the spectrum of any surface 
molecule would be superimposed on that of the NiO and so 

could only be detected in regions (windows) where the NiO 
was not absorbing too strongly. Analysis of the spectrum 
obtained from NiO revealed that there was only one suitable 
window through which any cyanuric chloride fine structure 
could be detected (fig. 5.3). This was between 1100 and 
600 cm ^.

Description of triazine I.R. spectra

The I.R. spectrum of the parent triazine molecule 
(1,3,5-triazine), fig. 5.4(a), can be divided into two 
distinct regions.

- 11. 1666-1428 cm region

Clearly, however, this is outside the window and there­
fore not suitable for the needs of this work.

- 12. >833 cm region

This region is within the window and therefore suitable 
for analysis.

- 1In the >833 cm region there is a strong band at
-1 -1735 cm and a medium strong band at 676 cm . These bands

have been respectively assigned as C-H wagging and ring 

bending (Goubeau, J. et al (1954), (Lancaster, J.E. (1954)).

Derivitization of the parent molecule causes changes to 

occur in the sym-triazine spectrum. The I.R. spectrum of
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% Transmission.

Fig 5.3* Infra Red spectrum of NiO showing the 
window region-. (1,100 to 600 cm-1).
Because of the insolubility of NiO in solvents suitable 
for Infrared work the material was studied as a KBr disc. 
Background absorption due to water was eliminated by 
drying the discs in a dessicator over NaOH.
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Wav. numbers in cm”',

Fig 5.4(a). Infrared spectrum of 1,3,5»-triazine.
The spectrum was determined in a solution of carbon 
disulphide. The broad absorption band between 1400- 
1600 cm"1 is attributable to the solvent. The bands in 
the 833 cm"1 region are clearly visible.

Wov# numb«r» in cm
5000 3333 2500 2000 1666 *29 1250 Mil WOO 909 833 769

Infrared spectrum of 1,3#5»-triazine inCCL • This time
-1 .the bands in the region 1666-1428 cm region are clearly 

defined.
(Data adapted from Goubeau et al 1954).
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Wavenumber, cm*1

Fig 5.4(b). Infrared spectrum of cyanuric chloride, 
(2,4,6,-trichloro-l,3,5,-triazine). The sample was 
prepared as a KBr disc. Note the strong bands occuring 
at; 1504 cm”1, 1266 cm”1, 855 cm”1 and 800 cm 1.
An assignment of these bands is given in the text.
The spectra of triazines which contain two or three chlorine 
atoms bonded directly to the ring carbons differ character­
istically from those with fewer chlorine atoms by the 
presence of a strong absorption band at 885 cm 1. This 
strong band is an especially useful analytical feature of 
the spectra of dichlorotriazines and permits rapid identif­
ication of this class of compounds. The band probably arises 
primarily from the in-plane asymmetric carbon-chlorine 
stretching vibration a more complicated description involving 
part of the ring is probably more accurate.
(Adapted from Heckle et al 1961.)



cyanuric chloride, for example, differs from the parent
molecule in all absorption bands (fig. 5.4(b)). Strong

-1  “ 1 -1bands are found at 1504 cm , 1 266 cm , 855 cm and
800 cm 
Band 
1504 cm

885 cm

-1

-1

800 cm -1

These bands have been assigned as follows. 
Assignment

In plane vibration of the substituted ring 
system.
C-Cl stretching vibration. This band is 

diagnostic of dichloro substituted triazines 
and is often used as a means of rapid 
identification.
Ring bending mode analagous to the 14.8m. 
band in the parent molecule.

(Heckle, W.A. et al (1961))
Only two bands fall within the window region, i.e. 

885 cm  ̂ and 800 cm ^.

Groups which are I.R. active in the window region are 
methoxy (CH^O- groups). Consequently, a compound such as

C H o O ^ :

N

N Cl
N

Cl
2,U Dichloro-6-rmethoxy-s-triazine

would prove useful in this investigation for the following 
reasons.

(1) The methoxy group would provide extra bands in the 
window region.

- 1(2) The 885 cm band, which is diagnostic of dichloro 
substituted triazines, is present in 2,4,dichloro-6-methoxy- 

triazine but would be expected to disappear, following the 
reaction with the porous nickel.
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(3) The chlorine atoms of 2,4,dichloro-6-methoxy-sym-triazine 

are as reactive as those in cyanuric chloride, and therefore 
the compound would react in the same way as cyanuric 
c h l o r i d e . (S h o o k , t.n. o j vA  TUpoport/ L .(l<)5‘rt).

The I.R. spectrum of 2,4,dichloro-6-methoxy-sym-triazine

1030 cm -1

is shown in fig. 5.5. (Only the region between 1100 and 600 
- -|cm ) was recorded. The bands in this region have been 

assigned as follows.
Band Assignment

Rotational mode of the methyl group 

in the -OCH^ moiety.
Diagnostic C-Cl stretch.

800 cm ' Ring bending mode.
The remaining two bands have not been assigned directly, 
however it has been suggested that they are representative 
of the structure as a whole (Heckle, W.A. et al (1961)).

855 cm -1

-1

Further support for this comes from the finding that these 
two bands disappear if the structure is further derivitized 
(Heckle, W.A. et al (1961)).

Figure 5.6(a) shows the infra red spectrum of the 

underivitized nickel, showing the window region. Figure 
5. 6(b) shows the difference spectrum obtained following 
the derivitization reaction.

Analysis of the difference spectrum reveals that the 
band corresponding to the -CH^ rotational mode (1030 cm "*) 
is still present. Furthermore, the band corresponding to

- 'jthe ring bending mode (800 cm ) is also present, although 

it has been broadened. The broadening of the band is indicative 
of many closely spaced absorption modes.

-1As was expected, the C-Cl stretching band at 855 cm has 

disappeared, suggesting that the reaction has taken place as
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WAV E LE NGTH. (mic r ons)

10 12 15
H ------------ 1------------ -«-----

1000 800 , 600
FREQUENCY, (crrf1)

Fig 5*5* Infrared spectrum of 2,4r-dichloro-6-methoxy- 
1>3,5*-triazine taken in Nujol.(The bands attributable to 
Nujol have been indicated.) Note the appearance of an extra 
band at 1030 cm*"1 in the I.R. spectrum. This band clearly 
lies within the window region and can therefore be used 
diagnostically. Note also the presence of the C-Cl stretching 
band at 855 cm”1.
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Fig 5.6(a), Infrared spectrum of untreated nickel oxide
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Fig 5.6(a). cont'd. Infrared spectrum of derivitized 
nickel oxide.
Novel bands are arrowed*'
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Fig 5 .6 (b), Computer generated difference spectrum of 
the derivitized nickel oxide.
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follows.

The disappearance of the band at 980 cm and the
-1apparent weakening and shifting of the band at 920 cm 

is more difficult to rationalize. Recalling, however, that 

these bands were sensitive to further substitution, it is 
suggestive of the fact that the reaction has taken place.
In this context, it is interesting to note that the spectrum 
of the compound 2-C1,4-cyclohexylamino-6-methoxy-triazine 

shows the disappearance of the band at 10.9|jl and a broadening 
of the band at 10.3|i. Furthermore, a new band is found at 
11.2|i. (Heckle, W. A. et al (1961)). This band at 11.2p. is 

found in many mono chlorinated-triazines.
The results presented above can be summarized as follows.

1. A compound with a triazine ring structure and methoxy 

group is present on the porous nickel. The washings indicate 
that it is not merely absorbed.
2. The triazine ring system is no longer dichlorinated, 
suggesting that a reaction has taken place via a reactive 
chlorine.

As a final point, it should be pointed out that the 
spectrum of the derivitized surface does not show any bands 
associated with cyanuric acid, indicating that hydrolysis 
has not taken place.

On the basis of the above information, the following

reaction sequence is tentatively suggested.

-1

Ni
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The experimental techniques discussed above were used 

whenever the derivitization step was carried out.
ENZYME IMMOBILISATION

From a synthetic point of view, the derivitized surface 
of the porous nickel can now be viewed as a triazine surface.

The reaction of triazines with amino groups, the chemical 
basis of the immobilisation, has already been discussed.

The immobilisation reaction was standardized as follows.
1) Concentration of enzyme wasimg/ml in 0.1M carbonate buffer

pH 12. The high pH was chosen to ensure that the surface
amino groups would be present in their active form, i.e.

-t*-NH2 and not -NH^. Carbonate buffer was chosen since this 
represented a non nucleophilic buffer and would therefore 
not compete with the reaction. The high concentration of 
enzyme was chosen to maximize the immobilisation reaction.
2) The derivitized porous nickel was left in contact with 
the enzyme solution for 12 hours at 4°C.

After this time, the square was removed from the 
reaction vessel and washed with copious amounts of cold 
high purity water to remove all traces of adsorbed enzyme.
The squares were finally washed , in 0.1M phosphate buffer pH 7, 

until no enzyme activity was detected in the washings.
- In order to unequivocally ascertain immobilized activity, 

the following criteria had to be fulfilled:

1. The response should be dependent on the concentration of 

substrate in that the larger the amount of substrate present 

in this solution, the faster the reaction rate. (This is

of course assuming that the concentration of substrate is

below the K,, value for the enzvme.)M '
2. If the nickel square is removed from the solution, then
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the reaction should cease. (In effect this is the same as 

removing the enzyme from the reaction mixture). The reaction 
should commence once the porous nickel is reimmersed into the 
solution. Note that if the reaction is seen to proceed after

the square has been removed, it would imply that enzyme has
1desorbed from the support.

3. If the immobilized enzyme is denatured, e.g. by heat 
treatment, then no activity should be recorded from the 

porous nickel.
Figure 5.7 shows such results for Ribitol dehydrogenase 

immobilized onto the surface of the porous nickel. Note that 
each of the three criteria described above is satisfied.
Similar results were obtained for immobilized glucose 
oxidase and alcohol dehydrogenase.

Immobilized Enzymes

The general techniques currently in use for insolubilizing 
enzymes have already been reviewed in Chapter 1. It is now 

pertinent to discuss the effects that immobilization can have 
on the enzyme, both in terms of its physical and kinetic para­
meters. The types of changes which can result following 
immobilization can be considered as follows.

i) Change in the of the enzyme and in the reaction 
rate.

ii) Change in the pH optimum of the enzyme,

iii) Altered thermal and storage properties of the
enzyme.

In terms of an altered reaction rate, the diffusion of 

substrate from the bulk to the immediate environment (micro­

environment) of the immobilized enzyme can be an important
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Fig 5.7 (l). Effect of varying the concentration of 
substrate on the rate of the reaction catalysed by the 
immobilized enzyme.
Trace (a) shows the response when lOmM ribitol is
injected into the reaction vessel. The rate of the
reaction (Z\od /hour is 0.15).340
Trace (b) shows the response when 50mi-: ribitol is 
injected into the reaction vessel. In this instance, 
the rate of the reaction (Z\ah yr> ic n qa)x j .jj > / '-.j  % ^  ) •



This type of observation is consistent with the idea - -
of enzyme catalyzed reactions, i.e. the greater the amount 
of substrate present the greater the rate of the enzyme 
catalysed reaction

Fig 5.7 (2). Effect of re 
the reaction vessel at th 
As can be seen, when the 
from the reaction vessel

moving the nickel support from 
.e times indicated above, 
porous nickel support is removed 
the reaction ceases, i.e. A  to „

becomes zero.
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This finding is consistent with the idea of a reaction 
catalysed by an immobilized enzyme since removing the 
support is equivalent to removing the enzyme from the 
reaction which would result in the reaction ceasing. 
Note, had the reaction continued after the porous nickel 
had been removed, this would have been indicative of the
enzyme having become unstuck from the support.

0 05t

OD
340

Control. Immobilized
activity

Immobilizd activity 
after heat treatment.

Injection 
of 50mM

Injection 
of 50mM

Injection 
of 50mM

Ribitol. Ribitot. y Ribitol.

11 ' i i 1-
"T— t r w

Time(minutes)

Fig 5.7 (3). Effect on the reaction after having subjected 
the nickel support to a temperature of 100° C for 3 minutes. 
As can be seen, after this treatment no reaction is detected,
i.e. °D Q zero over the time scale of the experiment. 
Again, this finding is consistent with the idea of an enzyme 
catalysed reaction since the heat treatment would inactivate 
the enzyme and thus it would no longer be able to catalyse 
the reaction.
Notes:
In all these examples, the control was immobilized BSA. 
Before any experiments were attempted it was important to 
establish a steady base-line. Only then was the experiment 
started.
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factor. (This factor becomes particularly relevant when 
the enzyme is encapsulated within a gel matrix such as 
polyacrylamide where large diffusional resistances can be 
encountered).

In the microenvironment of the immobilized enzyme 
the substrate concentration is generally lower than in the 
overall bulk (Katchalski, E. et al (1971)). This concentration 
is dependent, to some extent, upon the rate of flow of sub­
strate to the immobilised enzyme, which in turn also influences 
the concentration of product and its rate of removal. Con­
sequently, within limits a faster flow of substrate over a 
packed bed or faster stirring of suspended enzyme, will 
increase the rate of the reaction.

Another important parameter which affects the 
concentration of substrate in the microenvironment is the 
molecular weight of both the substrate and product, which 
will influence their diffusional resistances and hence the 
overall role of the reaction. These diffusional resistances 
are of two kinds:

i) The diffusional resistance for the external trans­
port of substrate and products between the bulk solution 
and the external surface of the enzyme containing matrix.
This is influenced by the hydrodynamics of the system and 
can be improved, for example, by increasing the flow rate or 
stirring speed in the reactor vessel.

ii) The diffusional resistance for the internal 
transport of these species within the internal matrix of 

the support, e.g. within the pores of porous nickel or the 

pores within a polyacrylamide gel matrix.

Theoretical models have been reported in the literature



dealing with the effects of both external and internal 
diffusion on the rate of an enzyme catalyzed reaction 
(Uookj-rtSTtiN., E. e_t a_l (1982)) . As a general rule, it is 
true to say that the larger the molecular weight of the 
substrate, the lower the overall reaction rate. This point 
is reflected in the current industrial processes based on 
immobilized enzymes which are all dominated by small molecular 
weight substrates such as fructose or glucose.

Finally, it is also important to consider the nature 
of the support, especially in terms of its surface electrical 
charge. This is important particularly if either the sub­
strate or product are charged species since ultimately the 
transport of these species and the equilibrium concentration, 
due to partitioning, will be influenced by the resulting 
electric field in the microenvironment. The electrical 
charge on the surface of the support is assumed to arise from 
the dissociation of acidic and basic groups present on both 
the enzyme and the support ( ,E. et a_l ( 1982)) .

Observed changes in the apparent of the immobilized 
enzyme can be explained in terms of the parameters discussed 
above but can also be explained in changes occurring in the 
enzyme itself. This is particularly the case if the method 
of immobilisation involves chemical modification of the 
enzyme, which is likely to result in conformation changes 
in the protein. Consequently, these conformation changes 
can be manifest in changes in the kinetic parameters of 
the enzyme such as an improved K .

Another important parameter which is affected by the 

electrical charge on the surface of an insoluble enzyme 

support, is the apparent pH opt imum of the i m m o b i  1 i.zed enzyme.

79
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For example, pH gradients may develop from the bulk to the 

surface of the support and that the pH of the microenvironment 

is considerably different from that of the bulk solution. It 

is evident from this that if the pH of the enzyme micro­

environment is closer to the stability optimum than that of 

the solution, then an apparent ''stabilization" of the 

immobilized enzyme against pH inactivation will be seen.

In the opposite situation an apparent "destabilization" will 

be seen.

An interesting case of altered pH optimum can arise 

when the microenvironment of the immobilized enzyme possesses 

buffer properties. This can be due to either the nature of 

the support surface or an effect produced by neighbouring 

protein molecules. If so, even considerable changes in the 

bulk solution will produce only small pH shifts in the micro­

environment. This mechanism may be responsible for an 

observed stabilization of lactate dehydrogenase against acid 

inactivation. While the free enzyme is completely inactivated 

on incubation at pH 3.2 for one hour, lactate dehydrogenase 

covalently attached to porous glass beads, under the same 

conditions, retains 100% of its catalytic activity, even 

after 35 days (Klibanov, A.M. (1978)). As a final point, 

it is necessary to establish that the carrier is itself 

stable under the pH conditions of the reaction and will not 

steadily dissolve. Glass, for example, will dissolve at 

alkaline pH, lowering the retention of the bound enzyme.

T h e  i  n a c  t i. v a  t: i  on  o f  w a t e r  s o l u b l e  e n z y m e s  by h • m  ! 
i n v o l v e s  c o n s  i .do r u b  1 o c o n  f o r m u  t  i o n u  1 c h a n g e s  i n  t h e  p r o !  - m  
mo 1 e o i  1 e s  s n o b  as.  a n ! o ! < i i o  i . On t :,. - b a s i s  ; > 1 t h i s ,  i t  ■ - a n
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to a support, 

shown below in 

more difficult

it will be more difficult to unfold. This is

diagrammatic form. As a consequence, it is

If the enzyme is linked to the support by several 

strong chemical bonds, case (b) above, the structure of the 

protein molecule as a whole will be much more rigid and 

therefore unfolding, as well as heat inactivation, will be 

much more difficult to accomplish than in the case of the 

free enzyme, example (a) above. Experimental proof for such 

a model has come from the work of Delaage and co-workers 

(Delaage, M. and Lazdunski, M. (1 968)) , who showed that the 

more linkages that existed between trypsin and Sephadex, 

the more stable the protein appeared against inactivation, 

e .g . by urea.

It must be pointed out, however, that some enzymes 

are very sensitive to chemical modification and hence inacti­

vate upon covalent immobilization, even though many stable 

links may have been formed between the enzyme and the support. 

Under these conditions, physical methods, e.g. adsorption or 

gel entrapment, must be used for their immobilization. Thus, 

the means of immobilization can be a very important parameter 

in determining the apparent stability of the immobilized

en zyme.

F i n a l l y ,  t h e  m a i n  p r i n c i p l e s  c o n c e r n e d ,  a l l  o r  i n p a r t ,  
w i t h  e n z y m e  s t a b i l i z a t i o n ,  may b e  s u m n n r  i zoi  l a s f o l l o w s .

i) b o c a l  i. r a t i o n  ol  on  z vine mo o ■ <-a Fnn i n b e  e a r l ; - ;  cat
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action of microorganisms and proteases.
ii) Mutual spatial fixation of enzyme molecules to 

prevent intermolecular inactivation processes, such as 
autolysis and aggregation.

iii) Multipoint attachment of enzymes to prevent 
unfolding of the protein molecules.

iv) The attachment of oligomeric enzymes to the 
supports via all their subunits and therefore preventing 
dissoc iation.

v) The attachment to enzymes to surfaces possessing 
buffering groups.

vi) Reactivation of inactivated enzymes through the 
use of unfolding-refolding procedures.
Experimental

The activities of the three immobilized enzymes were 
assayed as outlined in Materials and Methods.

Having successfully developed a protocol for the 
covalent immobilisation of enzymes to the surface of the 
porous nickel, the first parameter to be investigated was 
the apparent kinetics of the immobilized enzyme preparations.

Results showed, fig. 5.8, that under the experimental
conditions reported above the apparent K values of immobilized^ m
ribitol dehydrogenase for both ribitol and NAD+ were identical to 
those of the soluble enzyme.

In terms of the above discussion, this can be explained 
by suggesting that the diffusion of these species is in no way

e a b y  ! ! i (' i n s o i. ii n! .o mnt r i x . ' In > i s , t * i e 1c o n e  e n f r  a t  .i or
NAD ♦ a n c i r  i.:) i  f o '! i n  f h e in u :  ro< \n v i. non  men I () f t h e e n / y
i i f  !' i c i.*>n t 1 y c l  or an ! o  1111>s«' i n !■ h r  b u l k : a .) ! at . i o n
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Fig 5.8. Lineweaver-Burke plot of kinetic data for 
porous nickel immobilised ribitol dehydrogenase.

An apparent K value for ribitol of 14.9mM is obtained m
for immobilized RDH.

It must be appreciated that this approach neccesitatesethe lumping together of the combined effects of internal
diffusion rates and reaction rates into an aooarent K .x * m
This of course makes any interpretation of the results 
in terms of Michaelis - Menten kinetics extremely difficult.

t The activity of the immobilized enzyme vas measured
tne ,..f --sL-.ii g amounts of ribitol.
’ -w r ■•v:r.LLed in matTint. eri als and methods.
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that the basic properties of the enzyme, e.g. conformation, 
have not been altered during the immobilisation. Alterna­
tively, it could be argued that some structural change in 
the enzyme has resulted, following the immobilization and 
this is some way cancels out any concentration effects in 
the microenvironment of the enzyme. It is of course 
extremely difficult to differentiate either of these 
possibilities.

Similar results were obtained with immobilized alcohol 
dehydrogenase. With this enzyme, identical kinetics to those 
of the soluble enzyme were observed.

More interesting results were obtained with immobilized 
glucose oxidase (fig. 5 . 9  . As can be seen from the data, the 
apparent sensitivity of glucose oxidase for its substrate 
increases following immobilisation onto porous nickel. This 
is manifest in two ways:

1. The decreased K observed with the immobilizedm
enzyme.

2. The steepness of the curve in the linear portion 
of the curve.

The explanation for this result is complex. It may 
be that the observed kinetics can be accounted for by con­
formational changes occurring in the enzyme following the 
immobilization onto the porous support.

Alternatively, it may be argued that the concentration 
of glucose in the microenvironment of the immobilized enzyme 
is greater than in the bulk solution and that this accounts 
for the lowering of the apparent K . However, it is difficult 
to accept this, particularly in the light of the results 
obtained with ribitol dehydrogenase. As a final point it is 
worth noting that for its catalytic activity, glucose oxidase



(Ihirosp concentration ( mM)
F ig  5 .9



is dependent on oxygen and so it may be argued that under 
these conditions there may be partitioning effects between 
the dissolved oxygen in the bulk solution and that seen by 
the enzyme in the internal matrix of the porous support.
Such an effect, i.e. an apparent decrease in the dissolved 
oxygen tension, would result in the concentration of oxygen 
being rate limiting and hence explain the decreased apparent
K .m

For the sake of comparison, the apparent Michaelis- 
Menten kinetics for immobilized glucose oxidase from other 
workers is shown below:-

8 £

Support Km
Activated carbon (30°C pH5) 3.40 mM
Collagen (30°C pH5.9) 7.1 mM
Polystyrene tube (35°C pH5.6) 15 mM
Non porous glass bead (25°C pH5.5) 0.07 mM

(Data adapted from Cho, Y.K. and Bailey, J.E. (1978))
As can be seen, the range of reported values is 

large, presumably indicative of differences in mass-transfer 
intrusions among these various forms of immobilized glucose oxi 
dase and differences due to immobilisation chemistry.

The next parameter to be investigated was the effect 
that the immobilization had on the thermal stability of the 
three test enzymes. The results obtained in this investi­
gation, fig. 5.10, indicated that in all cases the observed 
thermal stability was greater for the immobilized enzymes 
than for the corresponding solution enzymes. This result 
can be explained in terms of the model presented above, 
i.e. immobilization of the enzyme to the support increases 
the rigidity of the enzyme and is therefore less easy to 
denature, at the elevated temperatures.
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o= S o lu b l e  e n z y m e .

A =  Im m o b i l i z e d  e n z y m e .

Fig 5.10.
Apparent thermal stabilization of ribitol dehydrogenase 
following its immobilization to the porous nickel support 
with cyanuric chloride.

T soluble enzyme. T insoluble enzyme.max J max
36°C 42.5°C
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o - S o l u b l e  e n z y m e .

A  = Im m o b i l i z e d  e n z y m e .

Fig 5*10* co n t ’d.
Apparent thermal stabilization of alcohol dehydrogenase 
following its immobilization to the porous nickel support 
with cyanuric chloride.

T soluble enzyme, max
35.5°C.

T insoluble enzyme max
39°C.
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Soluble enzyme,
A= Immobilized enzyme.

Fig 5.10. cont'd.
Apparent thermal stabilization of glucose oxidase 
following its immobilization to the porous nickel 
support with cyanuric chloride.

T soluble enzyme max
30.8°C

T insoluble enzyme, max
35.5°C



Another important finding which came out of this work 
was the stability of the bond formed between the enzyme and 
the support using cyanuric chloride as the linking agent.
In this context it was found that the immobilized enzyme 
preparations could be used continuously (up to three hours) 
without any apparent loss of immobilized enzyme. In this 
respect the immobilization reported in this work appears more 
stable than that reported by Hailing and Dunnill (Hailing,
P.J. and Dunnill, P. (1979)). It is difficult to explain 
this finding by suggesting that a Ni-O-C linkage is more 
stable than a Ni-O-Si bond. Rather, the reason for this 
apparent linkage stability may lie in the fact that the 
oxide layer prepared on the surface of the nickel is a more 

stable coating than that reported by Dunnill. (The importance 
of a stable surface oxide film in terms of manufacturing 

stable modified electrodes has been alluded to by Murray and 

others (Murray, R.W. (1980)) an^ (Bocarsly, A. and Sinha, S.
(1982)). Clearly, an unstable oxide film would lead to 
desorption of the immobilized enzyme under operational 

conditions.
Finally, the effect of pH on the activity of 

immobilized glucose oxidase was investigated. The results 
of this investigation are shown in f ig. 5.1 -j .The shift in" 
pH optimum reported here is approximately 1 unit towards the 
alkaline and furthermore the pH curve appears broader.
Storage stability of the immobilized enzyme preparations

The stability of the immobilized enzyme preparations 
was tested every day for a period of 10 days. The results, 
fig. 5.12 show the following. (Common decay patterns of 
enzyme activity of immobilized systems are shown in fig. 5.13 ).

90
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o= Soluble enzyme,
A =  Immobilized enzyme.

Fig 3*11*

Comparison of the pH dependence of glucose oxidase activity 
in solution and of apparent activity of glucose oxidase 
immobilized onto porous nickel.
The shift in the pH optimum in this example is approximate­
ly 1 unit toward the alkaline. Note also a broadening of the 
pH activity profile resulting from immobilization. This 
apparent decrease in parametric sensitivity of the immobil­
ized enzyme may be, a result of diffusion reaction interact­
ions within the porous matrix.
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Fig 5.12. Decay pattern for immobilized RDH on porous 
nickel. (Each point represents the average of three 
separate determinations).

Storage conditions.

Buffer: lOmM potassium phosphate pH 7.0.
25mM EDTA.
ImM NAD.
5mM 2-mercapto ethanol.
(Final volume 5mls.)

Temperature: 4° C.

As can be seen, the decay proceeds at a constant rate with 
all enzyme activity being lost after 10 days.



Decay Pattern of Immobilized Alcohol dehydrogenase

Time in days.

Fig 5«12. Decay pattern for alcohol dehydrogenase 
immobilized onto porous nickel. (Each point represents the 
average of three separate determinations).

Storage conditions.
Buffer: 10mM potassium phosphate pH 7.0.

25rnK EDTA.
ImM NAD•

4° C.
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Decay Pattern of Immobilized Glucose oxidase

Fig 5.12. Decay pattern for glucose oxidase immobilized 
onto porous nickel. (Each point represents the average of
three separate determinations)•

Storage conditions.
Buffer: lOmM potassium phosphate pH 7.0.

25mM EDTA. 
lmM FAD.
2mM Glucose.

Temperature: 4° C
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Fig -5.13.

Decay patterns of enzyme activity of immobilized 
systems.
I Typical and normal decay pattern.
II Preliminary activation pattern.
III Two phase pattern. The enzyme activity is 
very stable for some time but then decreases 
for some reason. The following factors may be 
involved: i) Incorrect operation or storage conditions,
ii) bacterial contamination, iii) decrease in the concentr­
ation of some essential factor, iv) accumulation of some 
inhibitory factor.
IV Two phase pattern. In this instance the decrease 
in enzyme activity is rapid from the initial state
but then becomes very slow. In this case the immobilization 
of the enzyme is incomplete and leakage of the enzyme from 
the matrix occurs.
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for comparison) .
i) The least stable immobilized enzyme preparation 

appears to be immobilized ribitol dehydrogenase. The decay 
pattern is constant with all activity being lost after 6 days. 
During the decay in immobilized activity no enzyme activity 
was detected by the Coomassie Blue protein assay. Taken 
together, these observations suggest that the loss of enzyme 
activity is not due to desorption of the ribitol dehydrogenase 
from the support. Rather, the loss in activity appears to be 
due to irreversible denaturation of the enzyme while attached 
to the porous nickel support.

The stability curves obtained with immobilized alcohol 
dehydrogenase are much more interesting. These curves are 
biphasic. The enzyme activity in both cases is stable 
(almost 100% activity is detected for immobilized glucose 
oxidase) for some time, but then decreases and eventually 
reaches zero. Using the same arguments as above, it was 
shown that the loss of activity was probably not due to 
desorption of enzyme from the surface of the porous matrix. 
Rather, it appears that a "poison" is accumulating in the 
storage buffer, or more probably, in the microenvironment 
surrounding the immobilized enzyme, which eventually leads 
to its inactivation. Bacteria, or protease enzymes, were 
eliminated as possible poisons by the addition of azide and 
PMSF to the storage buffers. A possible explanation for this 
particular pattern will be given later.

Various attempts were tried to increase the storage 
stability of immobilized ribitol dehydrogenase. These 
included:-

i) Storing the immobilized enzyme in a dry state
at -20°C.



ii) Storing the immobilized preparation in 
glycerol at -2 0°C.

iii) Varying the pH of the storage buffers.
In all these attempts, however, no increased stability was 
detected. This was particularly true in cases i) and ii), 
where it was noted that after a period of overnight storage 
no enzyme activity could be detected. Taken together, these 
results seem to suggest that in this particular immobilization 
an unstable preparation is obtained.

Returning to the question of the decay pattern 
observed with immobilized alcohol dehydrogenase and glucose 
oxidase, it was decided to assay the storage solution after 
the period in which all enzyme activity had been lost. Of 
particular interest was the possibility of finding free Ni 
ions.

Analysis by X-ray absorption gave rather surprising
results in so far that the results obtained indicated the
presence of Fe++/Fe+++ ions in the solution. The presence 

+ + +of Fe ions was further shown by the formation of a blue 
colour, resulting from the addition of ferrocyanide to a 
small portion of the solution.

Taken together, these results suggest that the observed 
decay pattern results because of the corrosion of the matrix, 
more specifically the nickel plated iron support grid, yielding 
Fe++ which with time accumulate and eventually reach such a 
level that the immobilized enzyme becomes poisoned. (A 
possible mechanism for the corrosion of the support grid will 
be given in the discussion). Addition of EDTA to the storage 
buffer did not give any increased stability, suggesting that 
other factors may be involved in the observed loss of enzyme 
ac t ivi ty.
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The porous nature of the nickel matrix lends itself to 
another type of immobilization, namely that of encapsulation 
either by gel entrapment or by cross-linking in the presence 
of a reagent like polygluteraldehyde. Physical immobilisation 
experiments were carried out exclusively with glucose oxidase, 
particularly because of its potential use in enzyme electrode 
work.

Preliminary immobilisation experiments were carried out 
by gel entrapment techniques using polyacrylamide. Various 
gelling recipes were investigated, but the results obtained 
were unfavourable in all cases, indicating that the 
immobilized enzyme preparations were unstable and total 
enzyme activity was lost very quickly, usually after about 
2 hours. Assaying these preparations proved difficult, 
especially since there appeared to be mass transport 
limitations.

A more suitable preparation was made by forming a 
glucose oxidase/BSA membrane on the surface of the porous 
nickel, as described overleaf. The apparent 
kinetics and thermal stability of this preparation are 
summarized in fig. 5.14. The results show that under these 
conditions the apparent of the immobilized glucose oxidase 
is similar to that of the soluble enzyme. The thermal 
stability of the enzyme has increased.
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The BSA-glucose oxidase membranes were prepared as follows- 
BSA and glucose oxidase,, dissolved in high purity water, 
were mixed in equimolar volumes (10 moles of each) giving 
a final volume of 1 ml... Glutaraldehyde was then added in a 
dropwise manner to a final concentration of 1 mM. The solution 
was mixed and then poured onto a nickel square.. The square 
was then placed at 4°C overnight to allow the gelling re­
action to take place. In the morning it was noted that the 
porous support was covered with an extremely thin yellowy 
membrane. The support was then washed until no U.V. absorbing 
material was detected in the washing. The immobilized enzyme 
was assayed by the usual techniques.
The results show that (l) the kinetics of the glucose oxidase 
immobilized in this manner are the same as that of the soluble
enzyme, that is, the K values are the same.m

(2) the enzyme appears to have gained 
a degree of thermal stabilization. This result can again 
be explained in terms of the rigidity model presented earlier.. 
It is interesting to note that the enzyme activity decays 
more gradually at the higher temperatures for either the 
cyanuric chloride immobilized glucose oxidase or the soluble 
glucose oxidase. This finding may be attributable to the 
immobilization procedure, that is, it i s  reasonable to assume 
that one glucose oxidase molecule is linked by many other 
protein molecules and therefore resulting in a much more 
rigid molecule, and therefore, arcs that less easily denatured 
at high temperatures.
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CHAPTER 6

DISCUSSION ON SECTION I

The aim of the investigation reported in section I was 
to determine if porous nickel, a sintered nickel preparation 
made by INCO, would be useful as a support for enzyme 
immobilisation. The attractive features offered by porous 
nickel are:

1) High surface area. The manufacturers report an 
effective surface area of 0.15m2/g of nickel. This is an 
important parameter since for an enzyme support the specific 
surface area is a most important variable in determining the 
amount of enzyme that may be immobilized and hence the final 
specific activity of the immobilized enzyme preparation.

2) High porosity of the sintered material. The manu­
facturers report a porosity of 70-90%. Scanning electron 
microscopy (plate 2.1) reveals a mean pore diameter of^lOiim.
It is important to determine this parameter since a large 
pore size would ensure access of an enzyme directly to the 
internal matrix of the support and hence ensure a high enzyme 
loading. Furthermore, large pores would be essential to 
ensure rapid mass transport of subtrate from the bulk solution 
to enzyme buried deep in the matrix. This would be facilitated 
by efficient stirring of the reaction solution or even by 
pumping the solution through the matrix. In this respect,
the disadvantages of pressure drop would be less pronounced 
in a support with large pore sizes.

3) The porous matrix would provide a mechanically 
stable support for the purposes of immobilisation.

From a theoretical standpoint it is reasonable to suppose
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that if an enzyme is covalently bound to the surface of the 
porous nickel, the enzyme would be present as a single mono- 
layer and would therefore not cause any clogging of the pores 
and so would not limit mass transport of substrate from the 
bulk solution. For this reason, greater emphasis was given 
to successfully achieving a covalent link between the enzyme 
and the support rather than employing encapsulation within 
the pores.

One of the main problems associated with using metals 
as supports is their tendency to corrode when placed in con­
tact with aqueous electrolyte solutions. The susceptibility 
of a metal towards corrosion, M— ►Mn+ + ne , will be dependent 
on its standard redox potential in the sense that the higher 
the potential, the lower will be the tendency for the metal to 
dissolve. Corrosion of the support can be disadvantageous for 
two important reasons. The first of these is that the corrosion 
reaction will undermine the mechanical strength of the support, 
eventually resulting in its disintegration. This effect would 
be especially pronounced if the support was subjected to 
extreme hydrodynamic forces, for example as a result of 
agitating the solution. The other problem associated with 
corrosion is the possibility of the hydrated metal ions formed 
by the dissolution of the metal inactivating the immobilized 
enzymes. This occurs because the metal ions bind to accessible 
amino and/or sulfhydryl groups present on the enzyme. Such 
interactions could result in inactivation via two possible 
mechanisms.

i) By causing local changes in the surface electrical 
charge of the protein, thereby resulting in local conformational 
changes which may be transmitted to the active site of the enzyme.
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II) By forming complexes with essential active site 

residues and thereby preventing the enzyme from carrying out 
its normal function.

The particular advantages offered by nickel in terms of 
passivating the metal against corrosion by surface oxide 
formation have already been discussed. Furthermore, surface 
oxide films can be reacted with suitable solution reagents, 
thereby allowing the parent metal to become functionalized.

Formation of a surface oxide on the porous nickel was 
carried out as previously described. The resultant film was 
characterized by powder X-ray diffraction which unequivocally 
showed the presence of the Ni-0 phase. Analysis by scanning 
electron microscopy revealed that the oxidation process had 
not altered the porous nature of the matrix. In fact, a mean 
pore diameter of ~  10p.m could still be detected. The impli­
cations of large pores has already been discussed. Furthermore, 
the micrographs did not reveal any evidence of the sintered 
nickel having fused together, which would have resulted in 
a lowering of the specific surface area. It was noted, 
however, that the oxidation process had produced a smoother, 
more rounded surface. Presumably this is simply due to the 
presence of the surface oxide film, suggesting that it had 
been produced in a homogeneous manner. It was also observed 
that, following the oxidation,-the porous nickel had become 
brittle and could easily be damaged by mechanical shock. The 
implication of this finding is that the forces holding the 
sintered material together have been weakened. This may be 
due to the fact that the cellulosic material present in the 
sintered matrix has been burned away due to the extreme 
oxidizing conditions found in the furnace.

The reasons for having selected cyanuric chloride as



104

the linking agent have already been discussed. From the 
results presented by Kuruwana et al_ (KuWiwana, T. et al (1979)) 
the following mechanism was suggested.

R
Ni (-0H + C K ( ) N  

Cl

Ni

^ C l
(1)

R=-a or CH,0-

H2 N~ Ni

R

bo-<f\ (2)
NI­

AS can be seen, this is a two stage reaction. Stage 1 
represents the derivitization of the porous nickel, giving a 
triazine surface. This can then be reacted with enzyme, under 
suitable conditions to give the immobilized enzyme preparation. 
The chemical basis of this reaction is the nucleophilic attack 
on the reactive carbon of the triazine. In the first instance 
the surface hydroxy group of the porous nickel acts as the 
nucleophilic agent and in the second instance a surface amino 
group on the enzyme acts as the nucleophile. In this respect 
it was important to carry out the reaction at an elevated pH 
so that the equilibrium -NH2 + H + lies towards the
r.h.s.

It was important to have a technique to monitor both 
the derivitization reaction and the functionalization reaction. 
In terms of the derivitization reaction (reaction with cyanuric 
chloride) the choice of technique was largely governed by the 
availability of instrumentation. Consequently Infra Red 
spectroscopy was chosen.

The first problem to be overcome was the preparation of 
a suitable sample. The sample had to fulfil two important 
criteria:

i) It had to contain sufficient material (derivitized 
nickel oxide) so as to produce a reasonable signal which could
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be both detected and interpreted.
ii) The sample had to be sufficiently transparent so 

as to allow sufficient radiation to reach the infra red 
detector.

Because of these criteria, the potassium bromide disc 
technique was the most applicable. The exact ratio of nickel 
oxide to potassium bromide was ultimately determined 
empirically.

Another problem which had to be overcome in this work 
resulted from the fact that the I.R. spectrum of any surface 
bound species would be superimposed on that of nickel oxide 
and would therefore be seen only after computer subtraction. 
Unfortunately it was found that nickel oxide absorbs I.R. 
radiation strongly over a wide range and therefore only a 
small window existed through which bands attributable to 
cyanuric chloride would be visible. Simple calculations 
predicting the expected spectrum following derivitization, 
and assuming the chemistry described above, revealed that 
only one band would be seen in the window. The only way to 
remedy the situation was to introduce further chromophores 
into the triazine structure. Such a rationale, however, must 
be approached with caution since it is important that the 
resultant molecule should fulfil the following criteria:

i) The new chromophore should be I.R. active within 
the region of interest.

ii) The resultant molecule should possess identical 
chemistry to the parent molecule so that the new molecule 
will behave in exactly the same way as the parent molecule.

In this respect, 2,4,dichloro-6-methoxy-5-triazine is 
extremely useful, particularly since both of the above criteria
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are satisfied. Furthermore, the methoxy group is stable and 
would therefore not be lost, e.g. through hydrolysis. Typical 
spectra obtained from this work have been presented in Chapter 5 

On the basis of available information, the reaction between 
the derivitized nickel oxide and the enzyme has been presumed 
to proceed via the reaction of surface amino groups. In this 
respect, the immobilization procedure reported in this work 
should be general and applicable to a large range of enzymes.
It is important to note, however, that an immobilization 
proceeding via a surface amino group presupposes that the 
amino groups in question are not essential to the activity 
of the parent enzyme. It is important to appreciate this 
point since immobilization via such an essential residue 
would result in the enzyme becoming inactivated.

Having successfully immobilized three enzymes onto 
porous nickel, it was then pertinent to monitor the kinetic 
behaviour of the immobilized enzymes. The results presented 
in Chapter 5 showed that for two of these enzymes, ribitol 
dehydrogenase and alcohol dehydrogenase, the kinetics of the 
immobilized enzymes appeared identical to those of the solution 
species. This was manifest by identical values for both 
substrates. The implication of this finding is twofold.

1. The inherent properties of these enzymes have not 
been altered as a result of the immobilization.

2. The mass transfer effects do not alter the observed 
kinetics of the reaction in the sense that the concentration 
of the various reactants in the microenvironment surrounding 
the enzymes is similar to that of the bulk solution.

It should be noted, however, that the observed kinetics 
may be an artifact in the sense that mass transport effects 
together with altered properties in the enzymes resulted in



the observed kinetics. Unfortunately, this point highlights 
one of the main problems concerned with enzyme immobilization, 
namely that it is often extremely difficult to have a total 
understanding of exactly what is going on. This point is also 
manifest in the fact that it is extremely difficult to predict 
exactly the outcome of any immobilization technique both in 
terms of the observed kinetics and the observed stability of 
the resultant preparation.

Different results were obtained with immobilized glucose 
oxidase. In this instance, it was noted that the enzyme had 
an increased sensitivity towards glucose, which was manifest 
by a decrease in the value of the immobilized enzyme towards 
the substrate. Once again it was difficult to rationalize this 
observation. For example, these observed kinetics may be due 
to one of (or possibly all) the following:

i) Altered properties of the enzyme following the 
immobilization.

ii) Mass transport effects, e.g. increased glucose
concentration in the microenvironment or a decreased 
oxygen tension in the microenvironment, thus making 
this the rate limiting factor.

In terms of thermal stability, it was found that all the 
enzymes showed improved characteristics. This was explained 
in terms of a stabilization towards unfolding at the elevated 
temperatures. The basis of this model is that if the enzyme 
is attached by many links to a support, then the unfolding of 
the protein becomes considerably hindered. As a consequence, 
it will be harder to inactivate its catalytic centre by con­
formational changes. It is important to note that this model 
suggests that multipoint binding of the enzyme molecule to the
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support makes the molecule more rigid without necessarily altering 
its fundamental properties. The fact that only a light enhancement 
of thermal stability is observed can be explained by suggesting 
that even when multipoint binding is realized, it is only a 
small portion of the enzyme that is bound to the support; 
this is because the protein and the support have their own 
configurations which are unlikely to be congruent, and so 
one should not expect rigidity over the whole molecule. It 
is for this reason that, in general, enzymes cross-linked 
within a gel matrix show better thermal stability, in which 
case the enzyme is attached to the three-dimensional lattice 
of the polymeric gel.

Results showed that the pH optimum of immobilized 
glucose oxidase was shifted by ^  1pH unit towards the alkaline 
end of the pH range. A shifting of the pH optimum of glucose 
oxidase in this way is commonly found for immobilized glucose 
oxidase (Ianniello, R.M. and Yacynych, A.M. (1981)) and (Cho,
Y.K. and Bailey, J.E. (1978)). The basis of this shifting 
can be explained by two possible mechanisms. The first of 
these may be related to a pH shift in the microenvironment 
of the immobilized enzyme relative to that in the bulk 
solution. Remember that in this context, when an enzyme is 
immobilized to a solid support the protein is in effect 
removed from its native aqueous milieu and exposed to a 
different local microenvironment, the characteristics of 
which are determined by the nature and structure of the 
support and the electrical charge on the surface of the 
immobilized enzyme. It is evident from this that if the 
pH of the enzyme microenvironment is closer to the stability 
optimum than that of the solution then the apparent stabilization



of the immobilization against pH inactivation will be seen.
This model could explain the results observed in this work 
by suggesting that any unreacted sites on the surface of the 
oxide film, Ni-0 would attract hydrogen ions from the 
solution. Alternatively, it can be suggested that the pH 
inactivation of the soluble enzyme occurs due to factors such 
as dissociation of oligomeric subunits or even gross conform­
ational changes due to protein unfolding. In this respect 
stabilization may be achieved by a tightening of the enzyme 
as a result of multipoint binding. Note that this model is 
analogous to that suggested for the thermal stabilization 
reported above.

In terms of storage stability, rather poor results were 
obtained for the various immobilized enzyme preparations. The 
most unstable immobilized enzyme, in terms of storage stability, 
was ribitol dehydrogenase. The results presented in Chapter 5 
represent a typical decay curve obtained under the most optimal 
storage conditions which were determined. The results 
obtained with immobilized glucose oxidase and alcohol 
dehydrogenase were different. These showed biphasic decay 
in both cases in the sense that the enzyme activity was found 
to be very stable for some time, but then decreased. Three 
possibilities may account for this behaviour:

i) Bacterial contamination, 
ii) Decrease in the concentration of some essential 

factor.
iii) Accumulation of some inhibitory factor.

The first two factors were eliminated by the addition of 
reagents to the storage buffers such as PMSF, azide, FAD 
and 2-mercaptoethanol. Bearing in mind the third possibility,
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i t  w a s  d e c i d e d  t o  a n a l y z e  t h e  c o m p o n e n t s  p r e s e n t  i n  t h e  s t o r a g e  
b u f f e r s ,  a f t e r  a  p e r i o d  o f  t w o  w e e k s ,  a f t e r  w h i c h  t i m e  a l l  
a c t i v i t y  h a d  u s u a l l y  b e e n  l o s t .  T h e  a n a l y s i s  r e v e a l e d  
q u a n t i t i e s  o f  i r o n  p r e s e n t  i n  t h e  s t o r a g e  b u f f e r s .  T h i s  w a s  
a n  u n e x p e c t e d  r e s u l t ,  b u t  t h e  s o u r c e  o f  t h e  i r o n  w a s  r e a d i l y  
a p p r e c i a t e d  a s  c o m i n g  f r o m  t h e  s u p p o r t  g r i d  o f  t h e  p o r o u s  
n i c k e l  m a t r i x .  F i g .  6 . 1  r e p r e s e n t s  a  p l a u s i b l e  m o d e l  w h i c h  
w o u l d  a c c o u n t  f o r  t h e  p r o d u c t i o n  o f  i r o n  i o n s  i n  t h e  s o l u t i o n .  
T h e  i o n s  a r e  p r o d u c e d  a s  a  r e s u l t  o f  t h e  e l e c t r i c a l  i n t e r f a c e  
f o r m e d  b y  o v e r l a y i n g  i r o n  w i t h  n i c k e l .  A  b r e a k  i n  t h e  n i c k e l  
c o a t i n g  w o u l d  e x p o s e  t h e  i r o n  t o  t h e  s o l u t i o n ,  w h i c h  w o u l d  
t h e n  c o r r o d e  i n  p r e f e r e n c e  t o  t h e  n i c k e l .  I n  t h i s  r e s p e c t  
i t  i s  u n f o r t u n a t e  t h a t  a n y  o x i d e  c o a t i n g  f o r m e d  o n  t h e  i r o n  
w o u l d  p a s s i v a t e  i t  f r o m  f u r t h e r  c o r r o s i o n .  T h e  e f f e c t s  t h a t  
m e t a l  i o n s  c a n  h a v e  o n  i m m o b i l i z e d  e n z y m e s  h a v e  a l r e a d y  b e e n  
d i s c u s s e d ,  a n d  t h e r e f o r e  i t  i s  s u g g e s t e d  t h a t  t h e  a c t i v a t i o n  
o f  t h e  i m m o b i l i z e d  e n z y m e s  i s  d u e ,  a l b e i t  m a y b e  i n  p a r t ,  t o  
t h e  c o r r o s i o n  o f  t h e  i r o n  s u p p o r t  g r i d .  T h e  a d d i t i o n  o f  
e x o g e n e o u s  E D T A  d i d  n o t  r e s t o r e  e n z y m e  a c t i v i t y ,  a n  o b s e r v a t i o n  
a l s o  r e p o r t e d  b y  M u n r o  e t  a l  ( M u n r o ,  P . A .  e t  a l  ( 1 9 7 7 ) ) .

P a r t i c u l a r  d i f f i c u l t y  w a s  e n c o u n t e r e d  i n  t h i s  i n v e s t i g a t i o n  
i n  o b t a i n i n g  a n  a c c u r a t e  m e a s u r e  o f  t h e  a m o u n t  o f  p r o t e i n  t h a t  
h a d  b e e n  i m m o b i l i z e d  o n t o  t h e  s u p p o r t .  T r a d i t i o n a l  t e c h n i q u e s  
a r e  b a s e d  o n  m e a s u r i n g  t h e  c o n c e n t r a t i o n  o f  a  p a r t i c u l a r  a m i n o  
a c i d ,  s u c h  a s  t r y p t o p h a n  o r  m e t h i o n i n e  a f t e r  i t  h a s  b e e n  
r e l e a s e d  f r o m  t h e  i m m o b i l i z e d  p r o t e i n  a s  a  r e s u l t  o f  a c i d  o r  
a l k a l i  h y d r o l y s i s .  Application of this technique to this work, 
h o w e v e r ,  r e s u l t e d  i n  e x t e n s i v e  c o r r o s i o n  o f  t h e  m a t r i x ,  
yielding solutions which were not amenable to amino acid 
analysis. It was also found that utilizing a difference 

assay of the stock protein solution before and after the



anodic reaction. F e — ►  FeHi2e:

cathodic reaction. ^ 0 + HJD+2e— >2(OH)2 2

E* Fe -— > Fe +2e = +0*44 volt.
o ++

E Ni Ni +2e~ = +0-25 volt.

Model accounting for the occurance of iron ions in 
the storage solutions.
A break in the nickel coat would expose the underlying 
iron to the solution and corrosion would result. Note, 
that because of its E° value the iron rusts in
preference to the nickel.
Unfortunately, the only way to overcome this problem 
is to either ensure a defect free nickel coating or to 
replace the iron with an unreactive metal such as platinum. 
A further alternative would be to store the support under 
strict anaerobic conditions. This could be achieved by 
adding compounds to the storage buffer such as Na2 S ° 3  to 
mop up any dissolved oxygen.



i m m o b i l i z a t i o n  w a s  a l s o  n o t  a p p l i c a b l e .  T h i s  w a s  b e c a u s e  
t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  w a s  s o  l a r g e  c o m p a r e d  t o  
t h e  a m o u n t  o f  e n z y m e  i m m o b i l i z e d  t h a t  t h e  d i f f e r e n c e  i n  
c o n c e n t r a t i o n  c o u l d  n o t  b e  m e a s u r e d  a c c u r a t e l y .  L o w e r i n g  
t h e  e n z y m e  c o n c e n t r a t i o n  d i d  n o t  h e l p  m a t t e r s  s i n c e  i t  w a s  
o b s e r v e d  t h a t  i n  t h e  l o w  e n z y m e  s o l u t i o n s  e x t r e m e l y  l o w  
e n z y m e  l o a d i n g s  w e r e  o b t a i n e d ,  p r e s u m a b l y  b e c a u s e  u n d e r  
t h e s e  c o n d i t i o n s  h y d r o l y s i s  o f  t h e  s u r f a c e  t r i a z i n e  i s  t h e  
p r e d o m i n a n t  r e a c t i o n .  T h e  l o w  e n z y m e  l o a d i n g s  m e a n t  t h a t  
m e a s u r e m e n t  o f  t h e  i m m o b i l i z e d  a c t i v i t y  w a s  n o t  r e a d i l y  
d e t e c t e d .  U n f o r t u n a t e l y ,  t h e r e f o r e ,  t h e  a c t i v i t i e s  o f  t h e  
i m m o b i l i z e d  e n z y m e s  w e r e  n o t  e x p r e s s e d  i n  t e r m s  o f  s p e c i f i c  
a c t i v i t i e s .  S i m i l a r  d i f f i c u l t i e s  w e r e  r e p o r t e d  b y  H a i l i n g  
a n d  D u n n i l l  ( H a i l i n g ,  P . J .  a n d  D u n n i l l ,  P .  ( 1 9 7 9 ) ) .
C o n c l u d i n g  r e m a r k s

A l t h o u g h  t h e  w o r k  p r e s e n t e d  i n  s e c t i o n  I  i n d i c a t e d  t h e  
f o r m a t i o n  o f  a  s t a b l e  l i n k a g e  b e t w e e n  N i / N i O  a n d  a n  e n z y m e  
b y  u t i l i z i n g  c y a n u r i c  c h l o r i d e  c h e m i s t r y ,  i t  w a s  u n f o r t u n a t e  
t h a t  t h e  r e s u l t i n g  i m m o b i l i z e d  e n z y m e  p r e p a r a t i o n s  e x h i b i t e d  
p o o r  s t o r a g e  p r o p e r t i e s .  M e t a l  i o n  i n a c t i v a t i o n  w a s  i m p l i c a t e d  
a s  a  p o s s i b l e  m e c h a n i s m  b y  w h i c h  t h e  e n z y m e s  w e r e  b e c o m i n g  
i n a c t i v a t e d .  A d d i t i o n  of EDTA to t h e  s t o r a g e  b u f f e r  d i d  n o t  
i n c r e a s e  t h e  s t a b i l i t i e s  of t h e  i m m o b i l i z e d  e n z y m e s ,  w h i c h  
m a y  i m p l y  t h a t  t h e  e f f e c t i v e  c o n c e n t r a t i o n  o f  E D T A  i n  t h e  
microenvironment i s  sufficiently low, perhaps d u e  t o  
partitioning, so as to be ineffective as a  c h e l a t i n g  a g e n t ,  
or alternatively it may be possible that the metal-chelate 
complex is still able to inactivate the enzyme. Certainly 
no nickel ions were detected in the solution, suggesting 
that complete protection had been achieved by surface oxide
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f o r m a t i o n .  M u n r o  ( M u n r o ,  P . A .  e t  a l  ( 1 9 7 7 ) )  s u g g e s t e d  t h a t  
B S A ,  b e c a u s e  o f  i t s  a b i l i t y  t o  b i n d  m e t a l  i o n s  b y  a t t a c h m e n t  
t o  i t s  s u l f h y d r y l  g r o u p s ,  c o u l d  b e  u s e d  t o  p r o t e c t  i m m o b i l i z e d  
e n z y m e s  f r o m  t h e  e f f e c t s  o f  m e t a l  i o n  i n a c t i v a t i o n .  I n  v i e w  
o f  t h i s ,  i t  i s  p o s s i b l e  t o  e x p l a i n  t h e  g r e a t e r  s t a b i l i t y  o f  
g l u c o s e  o x i d a s e  i m m o b i l i z e d  b y  c r o s s l i n k i n g  w i t h  g l u t e r a l d e h y d e  
i n  t h e  p r e s e n c e  o f  B S A .  I n  t h i s  i n s t a n c e  i t  i s  s u g g e s t e d  t h a t  
a n y  m e t a l  i o n s  p r o d u c e d  f r o m  t h e  s u r f a c e  of t h e  s u p p o r t i n g  
g r i d  a r e  i m m e d i a t e l y  c h e l a t e d  b y  t h e  B S A  w h i c h  i s  h e l d  i n  
c l o s e  p r o x i m i t y  t o  t h e  s u p p o r t .  M u n r o  h a s  a l s o  p r e s e n t e d  a  
s i m i l a r  m o d e l  t o  e x p l a i n  t h e  e f f e c t s  o f  B S A  o n  s t a b i l i z i n g  
c h y m o t r y p s i n  i m m o b i l i z e d  o n t o  n i c k e l  p o w d e r .  I t  h a s  a l s o  
b e e n  s u g g e s t e d  t h a t  h a e m o g l o b i n  i s  a n o t h e r  p r o t e i n  w h i c h  c a n  
p r o t e c t  a  p r o t e i n  a g a i n s t  i n a c t i v a t i o n  b y  m e t a l  i o n s .  T h e  
b a s i s  o f  t h i s  p r o t e c t i o n  i s  i d e n t i c a l  t o  t h a t  o f f e r e d  b y  B S A .  
T h e  a c h i e v e m e n t  o f  v e r y  h i g h  c o n c e n t r a t i o n s  o f  p r o t e i n s  i n  
l a r g e  v o l u m e s  o f  c h e m i c a l  r e a c t o r s  i s  i m p r a c t i c a l ,  w h e r e a s  
i t  c a n  b e  d o n e  i n  s m a l l  v o l u m e s  c o n t a i n i n g  i m m o b i l i z e d  e n z y m e .  
S u c h  a n  a p p r o a c h  h a s  b e e n  e x p l o i t e d  i n  t h e  e n c a p s u l a t i o n  o f  
a s p a r a g i n a s e  a n d  c a t a l a s e  i n  m i c r o c a p s u l e s  c o n t a i n i n g  a  1 0 %  
c o n c e n t r a t i o n  o f  h a e m o g l o b i n  w i t h  c o n s e q u e n t  c o n s i d e r a b l e  
s t a b i l i z a t i o n  o f  t h e  e n z y m e s  ( K l i b a n o v ,  A . M .  ( 1 9 7 8 ) ) .  I n  
v i e w  o f  t h i s  i t  m a y  b e  a r g u e d  t h a t  t h e  s t o r a g e  s t a b i l i t y  
o f  t h e  i m m o b i l i z e d  e n z y m e s  o n  p o r o u s  n i c k e l  c o u l d  b e  i n c r e a s e d  
by i m m o b i l i z i n g  t h e  e n z y m e s  i n  t h e  presence of B S A .  In o r d e r  
to preserve t h e  p o r o u s  s t r u c t u r e  o f  t h e  matrix it may be 
necessary to immobilize a  monolayer of BSA onto the surface 
of the porous nickel u s i n g  c y a n u r i c  chloride and then further 
immobilizing a layer of active enzyme onto the BSA by using 
gluteraldehyde. In this way, the nickel would be covered by 

a protective layer of BSA which would be able to chelate? any
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m e t a l  i o n s  f o r m e d  f r o m  t h e  c o r r o s i o n  o f  t h e  m a t r i x .
I n  t e r m s  o f  f u t u r e  w o r k  i t  i s  n o w  i m p o r t a n t  t o  

m a x i m i z e  t h e  s t o r a g e  s t a b i l i t y  o f  t h e  i m m o b i l i z e d  e n z y m e s .  
F r o m  t h e  d a t a  p r e s e n t e d  i n  t h i s  w o r k  i t  s e e m s  t h a t  t e c h n i q u e s  
b a s e d  o n  s t a b i l i z i n g  t h e  e n z y m e  a g a i n s t  i n a c t i v a t i o n  a g a i n s t  
m e t a l  i o n s  s h o u l d  b e  p u r s u e d .  T e c h n i q u e s  b y  w h i c h  t h i s  c a n  
b e  a c h i e v e d  h a v e  b e e n  m e n t i o n e d  a b o v e .

T h e  u l t i m a t e  a i m  o f  t h i s  w o r k  s h o u l d  b e  t o  u s e  
i m m o b i l i z a t i o n  t e c h n o l o g y  a n d  t h e  p r o p e r t i e s  o f  p o r o u s  
n i c k e l  i n  t h e  d e s i g n  o f  n o v e l  r e a c t o r s .  T o  t h i s  e n d ,  t h e  
l a r g e  s u r f a c e  a r e a s  a n d  p o r o u s  s t r u c t u r e  o f  t h e  s u p p o r t  c o u l d  
b e  p u t  t o  t h e  b e s t  a d v a n t a g e  b y  a d o p t i n g  a  t u b e  d e s i g n .  I n  
o r d e r  t o  i n c r e a s e  t h e  s u r f a c e  a r e a  a v a i l a b l e  t o  t h e  s o l u t i o n  
t h e  p o r o u s  n i c k e l  c o u l d  b e  w o u n d  i n  a  s p i r a l .  B e c a u s e  o f  t h e  
e f f e c t s  t h a t  t h e  o x i d a t i o n  r e a c t i o n  h a s  o n  t h e  f l e x i b i l i t y  o f  
t h e  s u p p o r t ,  t h e  n i c k e l  w o u l d  h a v e  t o  b e  c a s t  a s  a  t u b e  p r i o r  
t o  o x i d a t i o n .



CHAPTER 7

I N T R O D U C T I O N  T O  S E C T I O N  I I  

T h e  E n z y m e  E l e c t r o d e
A n  e n z y m e  e l e c t r o d e  i s  a  c h e m i c a l  d e v i c e  w h i c h  f u n c t i o n s  

b y  c o m b i n i n g  a n  e l e c t r o c h e m i c a l  p r o c e s s  w i t h  i m m o b i l i z e d  
e n z y m e  a c t i v i t y .  T h e  b a s i c  o p e r a t i o n a l  f e a t u r e s  o f  a n  
e n z y m e  e l e c t r o d e  a r e  s i m p l e .  A l l  t h a t  i s  r e q u i r e d  i s  a n  
e n z y m e ,  a  t r a n s d u c e r ,  a  s u i t a b l e  r e f e r e n c e  e l e c t r o d e  a n d  a  
c i r c u i t  f o r  m e a s u r i n g  e i t h e r  t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  
t w o  e l e c t r o d e s  o r  t h e  c u r r e n t  t h a t  f l o w s  b e t w e e n  t h e m .  T h e  
t r a n s d u c e r  i n  t h i s  c o n t e x t  i s  e i t h e r  a  p o t e n t i o m e t r i c  o r  a n  
a m p e r o m e t r i c  i n d i c a t o r  e l e c t r o d e .  W h e n  a n  a m p e r o m e t r i c  
e l e c t r o d e  i s  u s e d  a s  t h e  b a s e  s e n s o r  t h e  c i r c u i t  c o n t a i n s  
s o m e  s o u r c e  o f  p o t e n t i a l  t o  d r i v e  t h e  c u r r e n t .

T h e  e n z y m e  i n  t h e  p r o b e  p l a y s  a  d u a l  r o l e .  F i r s t ,  i t  
c o n f e r s  s e l e c t i v i t y  u p o n  t h e  d e v i c e  a n d ,  s e c o n d l y ,  i t  c a t a l y s e s  
a  r e a c t i o n  w h i c h  p r o d u c e s  a  s p e c i e s  t h a t  c a n  b e  d e t e c t e d  b y  t h e  
t r a n s d u c e r .  B e c a u s e  e n z y m e s  a r e  s e n s i t i v e  t o  p H  t h e  s a m p l e  i s  
u s u a l l y  i m m e r s e d  i n  t h e  s o l u t i o n  a n d  t h e  s t e a d y  s t a t e  c u r r e n t  
o r  p o t e n t i a l  r e c o r d e d .  W h e r e v e r  p o s s i b l e ,  t h e  s o l u t i o n  i s  
s t i r r e d  s o  a s  t o  s p e e d  u p  m a s s  t r a n s f e r  a n d  s o  p r o v i d e  f a s t  
r e s p o n s e  t i m e s .

T r e m e n d o u s  i n t e r e s t  i n  e n z y m e  e l e c t r o d e s  h a s  e x i s t e d  
s i n c e  t h e y  w e r e  f i r s t  d e s c r i b e d  b y  U p d i k e  a n d  H i c k s  ( U p d i k e ,  
S . J .  a n d  H i c k s ,  G . P .  ( 1 9 6 7 ) ) .  T h e r e  a r e  a  n u m b e r  o f  r e a s o n s  
why t h e s e  d e v i c e s  h a v e  s u c h  a n  a p p e a l .

i) Enzyme electrodes can provide convenient and straight­
forward measurement methods for species of biological and 
clinical interest.

ii) Pretreatment of samples is at a minimum. Prior 
romova 1 of ce 11s, proteins and otho r ma ter i.a 1 s is of ten
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u n n e c e s s a r y .
i i i )  T h e  d e v i c e s  a r e  b o t h  e a s y  t o  u s e  a n d  t o  c a l i b r a t e .

i v )  E n z y m e  e l e c t r o d e s  a r e  v e r y  s e n s i t i v e .  D e t e c t i o n  
- 5  - 4l i m i t s  o f  1 0  -  1 0  M  a r e  o f t e n  q u o t e d  i n  t h e  l i t e r a t u r e .

v )  T h e  d e v i c e s  a r e  f a s t  a n d  s u i t a b l e  f o r  u s e  w i t h  
a u t o m a t i c  a n a l y s e r s .

v i )  T h e  t e c h n i q u e  i s  v i r t u a l l y  n o n - d e s t r u c t i v e .  T h e  
s a m p l e  c a n  b e  r e t e s t e d  f o r  o t h e r  c o n s t i t u e n t s  a f t e r  t h e  
i n i t i a l  m e a s u r e m e n t  h a s  b e e n  m a d e .

v i i )  O n l y  s m a l l  s a m p l e  v o l u m e s  a r e  r e q u i r e d ,
v i i i )  I n d i v i d u a l  p r o b e s  c a n  b e  i n e x p e n s i v e .

i x )  T h e  s c o p e  o f  a p p l i c a t i o n  i s  i n  p r i n c i p l e  v e r y  b r o a d ,
x )  M i c r o p r o b e s  c o u l d  b e  d e v e l o p e d  t o  b e  p l a c e d  i n  a  

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

I t  i s  p o s s i b l e  t o  u s e  a n  i n d i c a t o r  e l e c t r o d e  w i t h  a  
s o l u b l e  e n z y m e  a n d  i m p l e m e n t  e i t h e r  a  b u l k  k i n e t i c  o r  e q u i ­
l i b r i u m  a s s a y  b u t  i f  t h e  e n z y m e  c a n  b e  i m m o b i l i z e d  i n  a  s t a b l e  
f a s h i o n  a  n u m b e r  o f  m a j o r  a d v a n t a g e s  r e s u l t .  F i r s t ,  t h e  
e n z y m e  c a n  b e  r e u s e d .  S o m e t i m e s  a s  m a n y  a s  1 , 0 0 0  d e t e r m i n a t i o n s  
c a n  b e  m a d e  w i t h  t h e  s a m e  p r o b e  ( G u i l b a u l t ,  G . G .  a n d  M o n t a l v o ,
J . G .  ( 1 9 7 0 ) ) .  B e c a u s e  o f  t h e  p r o x i m a l  a r r a n g e m e n t  o f  t h e  
e n z y m e  t o  t h e  t r a n s d u c e r  a  r a p i d  r e s p o n s e  a n d  h i g h  s e n s i t i v i t y  
c a n  b e  a c h i e v e d .  T h e  l a t t e r  i s  d u e  t o  t h e  f a c t  t h a t  t h e  c o n ­
c e n t r a t i o n  o f  p r o d u c t  b e c o m e s  d i l u t e d  o n l y  t o  a  s l i g h t  d e g r e e  
because of t h e  s h o r t  d i s t a n c e  i t  h a s  t o  d i f f u s e  t o  r e a c h  t h e  
transducer. F i n a l l y ,  w h e n  t h e  enzyme l o a d i n g  i s  s u f f i c i e n t l y  
high the electrode response becomes independent of the amount 

of enzyme. This has been shown to be the case for both potentio-
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m e t r i c  ( G u i l b a u l t ,  G . G .  a n d  M o n t a l v o ,  J . G .  ( 1 9 7 0 ) )  a n d  
a m p e r o m e t r i c  ( M e l l ,  L . D .  a n d  M a l o y ,  J . G .  ( 1 9 7 5 ) )  e l e c t r o d e s .  
E x c e s s  e n z y m e  w i l l  a l s o  d e c r e a s e  t h e  s e n s i t i v i t y  o f  t h e  a s s a y  
t o  a l l  t h o s e  v a r i a b l e s  w h i c h  i n f l u e n c e  t h e  r a t e  o f  a n  e n z y m e  
c a t a l y s e d  r e a c t i o n ,  e . g .  p H ,  i n h i b i t o r  a n d  a c t i v a t o r  c o n ­
c e n t r a t i o n ,  t e m p e r a t u r e  a n d  m o s t  s i g n i f i c a n t l y  l o s s  o f  e n z y m e  
a c t i v i t y .

I m m o b i l i z a t i o n  i s  n o r m a l l y  a c h i e v e d  b y  e i t h e r  t r a p p i n g  
a  t h i n  l a y e r  o f  e n z y m e  b e h i n d  a  s e m i - p e r m e a b l e  m e m b r a n e  o r  
b y  o c c l u d i n g  t h e  e n z y m e  i n  a  g e l  m a t r i x .  M o r e  r e c e n t l y  
c o v a l e n t  a t t a c h m e n t s  o f  e n z y m e s  d i r e c t l y  t o  t h e  s u r f a c e  o f  
t h e  t r a n s d u c e r  h a v e  b e e n  r e p o r t e d  ( B o u r d i l l o n ,  C .  e t .  a h L  ( 1 9 7 9 )  
a n d  C a s s ,  A . G .  et a J L  ( 1 9 8 4 ) )  .

A  s c h e m a t i c  d r a w i n g  o f  a n  i m m o b i l i z e d  e n z y m e  p r o b e  a n d  
t h e  s e q u e n c e  o f  e v e n t s  l e a d i n g  t o  a  r e s p o n s e  i s  s h o w n  i n  f i g .
7 . 1 .  A s  i n d i c a t e d ,  t h e  e n z y m e  i s  h e l d ' i n  c l o s e  p r o x i m i t y  t o  
t h e  a c t i v e  s u r f a c e  o f  t h e  t r a n s d u c e r .  T h e  o u t e r  e d g e  o f  t h e  
e n z y m e  l a y e r  i s  e x p o s e d  t o  t h e  s o l u t i o n ,  a n d  a  m e m b r a n e  i s  
p l a c e d  o v e r  t h e  p r o b e  a s s e m b l y .  T h e  m e m b r a n e  s h o u l d  b e  
s u f f i c i e n t l y  t h i n  s u c h  t h a t  t h e  r e s p o n s e  t i m e  i s  n o t  u n d u l y  
a f f e c t e d .  T h e  f i r s t  s t e p  i n  t h e  s e q u e n c e  o f  e v e n t s  l e a d i n g  
t o  a  r e s p o n s e  is t r a n s p o r t  o f  s u b s t r a t e  f r o m  b u l k  solution 
t o  t h e  o u t e r  s u r f a c e  o f  t h e  m e m b r a n e  a t  point L ' .  The sub­
s t r a t e  t h e n  d i f f u s e s  t h r o u g h  t h e  o u t e r  m e m b r a n e  t o w a r d  t h e  
enzyme layer at point L. Here the substrate will undergo an 
enzyme catalysed conversion. The sensor which detects this 
reaction is at point O. The rate of the chemical reaction in 
the enzyme layer is usually governed by Michaelis-Menten 
kinetics. Ideally the only slow steps in such an immobilized 
enzyme probe will be diffusion through the trapped layer and
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Mass
^  transfer

Pig 7.1.

Schematic drawing of the sequence of steps which take 
place at an enzyme probe. The substrate is transported 
from the bulk to the outer membrane surface located at L * 
diffuses through the membrane to point L and undergoes 
simultaneous reaction and diffusion in the enzyme layer.
For ideal operation the bulk solution should be stirred 
so as to speed up mass transfer and furthermore the 
membrane should be as thin as possible and not present 
any permeability restrictions to the substrate.
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t h e  e n z y m a t i c  r e a c t i o n .  C l e a r l y  t h e  p r i m a r y  s e n s o r  s h o u l d  b e  
r a p i d l y  r e s p o n d i n g ,  t h e  m e m b r a n e s  t h i n ,  t h e  e n z y m e  a c t i v i t y  
h i g h  a n d  t h e  b u l k  s o l u t i o n  w e l l  s t i r r e d .

I f  a n  a m p e r o m e t r i c  e l e c t r o d e  i s  e m p l o y e d  a s  t h e  b a s e  
s e n s o r  o n e  o f  t h e  s p e c i e s  i n v o l v e d  i n  t h e  o v e r a l l  e n z y m e  
c a t a l y s e d  r e a c t i o n  w i l l  b e  e l e c t r o c h e m i c a l l y  c o n s u m e d .  T h i s  
c a n  b e  i l l u s t r a t e d  w i t h  t h e  g l u c o s e  o x i d a s e  e l e c t r o d e  u s e d  t o  
m e a s u r e  t h e  c o n c e n t r a t i o n  o f  g l u c o s e  ( U p d i k e ,  S . J .  a n d  H i c k s ,  
G . P .  ( 1 9 6 7 ) ) .  G l u c o s e  o x i d a s e  c a t a l y s e s  t h e  r e a c t i o n ;

fi-D -glucose + 02----—  glu conolactone + H202

T h e  c o n c e n t r a t i o n  o f  g l u c o s e  i n  t h e  s a m p l e  i s  m e a s u r e d  b y  
m o n i t o r i n g  t h e  d e c r e a s e  i n  t h e  d i s s o l v e d  o x y g e n  t e n s i o n  b y  
i t s  r e d u c t i o n  a t  a  b a s e  p l a t i n u m  e l e c t r o d e .  W h e n  o x y g e n  i s  
i n  n o n  r a t e  l i m i t i n g  e x c e s s  a n d  t h e  g l u c o s e  c o n c e n t r a t i o n  
w e l l  b e l o w  t h e  a p p a r e n t  K  f o r  t h e  i m m o b i l i z e d  g l u c o s e  o x i d a s e ,  
t h e r e  i s  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  g l u c o s e  c o n c e n t r a t i o n  , 
a n d  t h e  d e c r e a s e  i n  o x y g e n  t e n s i o n .  I t  i s  a l s o  p o s s i b l e  t o  
m o n i t o r  t h e  h y d r o g e n  p e r o x i d e  p r o d u c e d  d u r i n g  t h e  r e a c t i o n  
b y  o x i d a t i o n  a t  a  b a s e  p l a t i n u m  e l e c t r o d e .  W h i c h e v e r  
t e c h n i q u e  i s  u s e d ,  i t  i s  c l e a r  t h a t  t h e  e l e c t r o d e  m u s t  i n t e r ­
a c t  d i r e c t l y  w i t h  t h e  r e a c t i o n  p r o d u c t s .

W i t h  a n  a m p e r o m e t r i c  s e n s o r  t h e  m e a s u r e d  v a r i a b l e  i s  
c u r r e n t .  M a x i m a l  s e n s i t i v i t y  w i l l  b e  o b t a i n e d  w h e n  t h e  
electrode potential is set t o  o x i d i z e  o r  reduce t h e  e l e c t r o ­
active species at a diffusion controlled rate. Furthermore, 

the current that is measured w i l l  b e  related to t h e  f l u x  of 
analyte at the surface of the transducer by the equation;
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T h e  f l u x  o f  p r o d u c t  to the electrode m i g h t  b e  l i m i t e d  b y  
e i t h e r  e x t e r n a l  mass transfer diffusion o r  b y  d i f f u s i o n  i n  
t h e  e n z y m e  l a y e r .  Theoretical models f o r  a m p e r o m e t r i c  
e n z y m e  e l e c t r o d e s  have been presented by R a c i n e  a n d  M i n d t  
( R a c i n e ,  P. and Mindt, W. (1971)) and Mell a n d  M a l o y  (Mell,
L.D. a n d  M a l o y ,  J.T. (1976)).

I n  t h e  s i m p l e s t  m o d e l ,  m a s s  t r a n s f e r  i s  r a t e  l i m i t i n g .
I t  i s  a s s u m e d  t h a t  t h e  e n z y m e  l a y e r  i s  s o  t h i n  t h a t  a l l  t h e  
r e a c t i o n  p r o d u c t  r e a c h e s  t h e  e l e c t r o d e  s u r f a c e  a n d  i s  m e a s u r e d .  
U n d e r  t h e s e  c o n d i t i o n s  t h e  c u r r e n t  w i l l  b e  l i m i t e d  b y  t h e  r a t e  
o f  p r o d u c t  f o r m a t i o n .  In t h e  s t e a d y  s t a t e ,  t h e  r a t e  o f  t h e  
e n z y m e  r e a c t i o n  w i l l  b e  e q u a l  t o  t h e  r a t e  o f  s u p p l y  b y  m a s s  
t r a n s f e r  t h r o u g h  t h e  o u t e r  m e m b r a n e .  W h e n  t h e  e n z y m e  l a y e r  
i s  t h i c k  a n d  d i f f u s i o n  t h r o u g h  i t  i s  s l o w  c o m p a r e d  t o  t h e  
r a t e  o f  m a s s  t r a n s p o r t  f r o m  t h e  b u l k  s o l u t i o n ,  t h e  s i t u a t i o n  
b e c o m e s  m o r e  c o m p l e x .  U n d e r  t h e s e  c o n d i t i o n s  o n e  m u s t  c o n s i d e r  
t h e  s i m u l t a n e o u s  o c c u r r e n c e  o f  a n  e n z y m e  c a t a l y s e d  r e a c t i o n  
a n d  d i f f u s i o n .  M e l l  and M a l o y  h a v e  s t u d i e d  t h i s  p a r t i c u l a r  
c a s e  b y  t h e  u s e  o f  digital simulation. A n a l y t i c a l l y  t h e  m a j o r  
r e s u l t s  o f  t h e i r  calculations a r e ;

i )  The prediction that at high enzyme l o a d i n g s  the 
current w i l l  be a linear function of substrate concentrations 
at concentrations greater than k •

ii) The prediction that the current at low substrate 
concentrations increases as the thickness of the layer decreases

iii) An equation which gives the maximum time needed to 
obtain a steady state response.
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P r a c t i c a l  A s p e c t s  i n  t h e  U s e  o f  A m p e r o m e t r i c  E n z y m e  E l e c t r o d e s
B y  a n d  l a r g e  a l l  e l e c t r o a n a l y t i c a l  t e c h n i q u e s  b a s e d  o n  

c u r r e n t  m e a s u r e m e n t  a r e  a f f e c t e d  b y ;
i )  T h e  m a g n i t u d e  o f  t h e  b a c k g r o u n d  c u r r e n t .

i i )  N o i s e .
T a k e n  t o g e t h e r ,  t h e s e  f a c t o r s  t e n d  t o  f i x  t h e  l o w e r  l i m i t s

o f  d e t e c t i o n .  P r a c t i c a l  l i m i t s  c a n  v a r y  q u i t e  c o n s i d e r a b l y ,
- 5  - 4b u t  t y p i c a l  v a l u e s  o f  1 0  - 1 0  M  a r e  o f t e n  q u o t e d  i n  t h e

l i t e r a t u r e .  I t  i s  c l e a r  t h a t  t h e  b e s t  l i m i t  o f  d e t e c t i o n  
w i l l  b e  o b t a i n e d  b y  m i n i m i z i n g  t h e  b a c k g r o u n d  c u r r e n t  a n d  
m a x i m i z i n g  t h e  s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e .  M e l l  a n d  M a l o y  
( M e l l ,  L . D .  a n d  M a l o y ,  J . T .  ( 1 9 7 6 ) )  h a v e  i n d i c a t e d  t h a t  t h e  
t w o  m a j o r  f a c t o r s  w h i c h  i n f l u e n c e  t h e  s l o p e  a r e  t h e  a m o u n t  
o f  e n z y m e  p r e s e n t  a n d  t h e  t h i c k n e s s  o f  t h e  l a y e r .  I n  o t h e r  
w o r d s ,  t h e  s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e  w i l l  i n c r e a s e  a s  
t h e  e n z y m e  c o n c e n t r a t i o n  i n c r e a s e s  u n t i l  i t  i s  e q u a l  t o  t h e  
v a l u e  d i c t a t e d  b y  m a s s  t r a n s f e r .  T e c h n i q u e s  f o r  r e d u c i n g  t h e  
l e v e l  o f  t h e  b a c k g r o u n d  c u r r e n t  a n d  n o i s e  h a v e  b e e n  r e v i e w e d  
i n  t h e  l i t e r a t u r e  ( H u b a u x ,  A .  a n d  V o s ,  G .  ( 1 9 7 0 ) ) .  I t  s h o u l d  a l s o  
b e  n o t e d  t h a t  t h e  l i m i t  o f  d e t e c t i o n  c a n  b e  n o  b e t t e r  t h a n  
t h e  l i m i t  o f  t h e  b a s e  s e n s o r  f o r  t h e  a n a l y t e  i n  q u e s t i o n .

I n  g e n e r a l  t e r m s ,  t h e  u p p e r  l i m i t s  o f  d e t e c t i o n  a r e  
s e t  b y :

i )  T h e  M i c h a e l i s - M e n t e n  k i n e t i c s  o f  t h e  e n z y m e ,
ii) T h e  e n z y m e  l o a d i n g  i n  t h e  s e n s e  t h a t  i f  t h e r e  i s  a  

h i g h  e n z y m e  a c t i v i t y  o n  t h e  e l e c t r o d e ,  t h e  r e s p o n s e  w i l l  b e  
linear a b o v e  t h e  v a l u e .  A v e r y  high enzyme l o a d i n g  i s  
required, h o w e v e r ,  i f  t h e  k  value is of the o r d e r  o f  a  f e w  m M .

A problem commonly associated with the use of enzyme 

electrodes is that of interference. Interference is caused
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b y  a n y  c h e m i c a l  s p e c i e s  w h i c h  a l t e r s ,  e i t h e r  b y  i n c r e a s i n g  
o r  d e c r e a s i n g ,  t h e  r e s p o n s e  o f  t h e  s e n s o r  t o  t h e  s a m p l e .
O n e  c a n  g e n e r a l i z e  a n d  d i v i d e  i n t e r f e r e n c e  i n t o  t h r e e  
m a i n  c a t e g o r i e s .

( 1 )  I n t e r f e r e n c e  c a u s e d  b y  i o n s  o r  m o l e c u l e s  w h i c h  
a f f e c t  t h e  b a s e  s e n s o r .

( 2 )  I n t e r f e r e n c e  b y  i o n s  o r  m o l e c u l e s  w h i c h  a f f e c t  
t h e  e n z y m e .

( 3 )  I n t e r f e r e n c e  b y  i o n s  o r  m o l e c u l e s  w h i c h  r e a c t  w i t h  
t h e  m e a s u r e d  s p e c i e s .

D i r e c t  e l e c t r o c h e m i c a l  i n t e r f e r e n c e  w i t h  a m p e r o m e t r i c  
p r o b e s  r e s u l t s  i f  t h e r e  a r e  i o n s  o r  m o l e c u l e s  i n  t h e  s a m p l e  
w h i c h  c a n  b e  r e d u c e d  o r  o x i d i s e d  a t  o r  b e l o w  t h e  p o t e n t i a l  
o f  t h e  s p e c i e s  o f  i n t e r e s t .  I n  g e n e r a l  t e r m s ,  t h i s  p r o b l e m  
h a s  b e e n  o v e r c o m e  b y  t h e  u s e  o f  s e m i - p e r m e a b l e  m e m b r a n e s ,  e . g .  
t h e  t e f l o n  m e m b r a n e  i n  t h e  C l a r k  C >2 e l e c t r o d e  o n l y  a l l o w s  
o x y g e n  t o  p a s s  t h r o u g h  i t ,  o r  a l t e r n a t i v e l y  b y  i m p l e m e n t i n g  
a  d u a l  e l e c t r o d e  s y s t e m  s o  t h a t  a  r e a d i n g  c o r r e s p o n d i n g  t o  
t h e  d i f f e r e n c e  b e t w e e n  t w o  e l e c t r o d e s ,  o n e  i n  t h e  p r e s e n c e  
o f  t h e  s p e c i e s  o f  i n t e r e s t  a n d  t h e  o t h e r  a  c o n t r o l ,  i s  
o b t a i n e d .  A n o t h e r  a p p r o a c h  t o  t h i s  p r o b l e m  w i l l  b e  d i s c u s s e d  
l a t e r .

T h e  e n z y m e  i s  p r o b a b l y  t h e  m a j o r  s o u r c e  o f  p r o b l e m s  
i n  t e r m s  o f  c h e m i c a l  i n t e r f e r e n c e .  T h i s  i s  b e c a u s e ,  i n  t h e  
m o s t  f u n d a m e n t a l  t e r m s ,  a n  a n a l y s i s  w i t h  a n  e n z y m e  e l e c t r o d e  
i s  a  k i n e t i c  a n a l y s i s .  Thus a n  e n z y m e  probe m a y  b e  q u i t e  
sensitive to the presence of inhibitors and activators i n  
the sample and may give inaccurate results. Once again, this 

problem is overcome through the use of semi-permeable membranes, 

which will allow the substrate to diffuse freely into the enzyme



123

l a y e r  b u t  w i l l  p r e v e n t  e n t r y  o f  k n o w n  i n h i b i t o r s .  A s  c a n  
b e  a p p r e c i a t e d ,  t h e  s u c c e s s  o f  t h i s  t e c h n i q u e  c a n  b e  l a r g e l y  
a  m a t t e r  o f  l u c k  i n  s o  f a r  a s  t h e  s u b s t r a t e  a n d  t h e  i n h i b i t o r s  
m u s t  b e  o f  o p p o s i t e  c h a r g e s .  T h i s  t e c h n i q u e  h a s  b e e n  u s e d  
s u c c e s s f u l l y  i n  t h e  g l u c o s e  e l e c t r o d e  d e s c r i b e d  b y  C a s s  e t  
a l  ( C a s s ,  A . G .  ( 1 9 8 4 ) )  i n  w h i c h  a  c a t i o n  e x c h a n g e  m e m b r a n e  
w a s  u s e d  t o  p r e v e n t  a s c o r b a t e ,  a  c o m p o u n d  k n o w n  t o  c a u s e  
i n t e r f e r e n c e  a t  t h e  m o n i t o r i n g  p o t e n t i a l ,  f r o m  e n t e r i n g  t h e  
r e a c t i o n  l a y e r .  A s  h a s  a l r e a d y  b e e n  m e n t i o n e d ,  h i g h  e n z y m e  
l o a d i n g s  c a n  a l s o  r e d u c e  t h i s  p r o b l e m .

A n o t h e r  r e l a t e d  p r o b l e m  w h i c h  c a n  o c c u r  i s  w h e n  a n  i o n  
o r  m o l e c u l e  i s  p r e s e n t  i n  t h e  s a m p l e  w h i c h  c a n  r e a c t  w i t h  t h e  
p r o d u c t  o f  t h e  e n z y m e  c a t a l y s e d  r e a c t i o n .  W h e t h e r  o r  n o t  t h i s  
w i l l  c a u s e  a n  e r r o r  i n  t h e  m e a s u r e m e n t  d e p e n d s  u p o n  w h a t  i s  
a n a l y s e d .  F o r  e x a m p l e ,  a s c o r b a t e  c o n s u m e s  o x y g e n  a n d  a n  
a m p e r o m e t r i c  p r o b e  w h i c h  d e t e c t s  g l u c o s e  b y  m o n i t o r i n g  t h e  
d e c r e a s e  i n  o x y g e n  t e n s i o n  w i l l  s h o w  a n  e r r o r .  I n  t h i s  
i n s t a n c e  a  h y d r o g e n  p e r o x i d e  s e n s o r  w o u l d  g i v e  a  b e t t e r  r e s u l t .  
A l t e r n a t i v e l y ,  a  d u a l  e l e c t r o d e  s y s t e m  c o u l d  b e  u s e d .

O n e  o f  t h e  m o s t  c r i t i c a l  f a c t o r s  a f f e c t i n g  t h e  u s e f u l n e s s  
o f  a n  i m m o b i l i z e d  e n z y m e  e l e c t r o d e  i s  i t s  l o n g  t e r m  s t a b i l i t y .  
F o r  a n  a m p e r o m e t r i c  e n z y m e  p r o b e  t h i s  c a n  b e  d e f i n e d  a s  t h e  
r e s i s t a n c e  t o  c h a n g e  i n  t h e  c a l i b r a t i o n  c u r v e  a s  a  f u n c t i o n  
o f  t i m e .  T h e  f a c t o r s  w h i c h  c a n  i n f l u e n c e  t h e  s t a b i l i t y  o f  
t h e  e n z y m e  p r o b e  a r e  l i s t e d  i n  table 7 . 1 .

It is generally very difficult to predict the useful 

lifetime of a particular electrode. Some reported probes 

can only be used a few times (Aizawa, M. et a_l ( 1 974 ) ) , 

whereas others can be used for several months (Guilbault, G.G. 

and hub ran o , G.J. (1 972)) . It. is also important, to appreciate
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T a b l e  7 . 1
F a c t o r s  w h i c h  d e t e r m i n e  e n z y m e  e l e c t r o d e  s t a b i l i t y

I .  P h y s i c a l  f a c t o r s
i  T h e  t h i c k n e s s  o f  t h e  e n z y m e  l a y e r .
i i  T h e  m e c h a n i c a l  s t a b i l i t y  o f  t h e  t r a p p e d  l a y e r .

I I .  C h e m i c a l  f a c t o r s
i  I m m o b i l i z a t i o n  m e t h o d

a .  S o l u b l e  t r a p p e d  l a y e r .
b .  P h y s i c a l l y  o c c l u d e d .
c .  C o v a l e n t  a t t a c h m e n t .

i i  T o t a l  e n z y m e  a c t i v i t y  i n  t h e  t r a p p e d  l a y e r .
i i i  T h e  s t a b i l i t y  o f  t h e  e n z y m e .
i v  C h e m i c a l  c o n d i t i o n s  o f  u s e .

a . p H .
b .  T e m p e r a t u r e .
c .  A c c u m u l a t i o n  o f  i n h i b i t o r s ,  e t c .

v  S t o r a g e  c o n d i t i o n s .
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t h a t  t h e  a p p a r e n t  s t a b i l i t y  o f  a  p r o b e  w i l l  d e p e n d  o n  
w h e t h e r  t h e  e l e c t r o d e  i s  t e s t e d  a t  h i g h  o r  l o w  s u b s t r a t e  
c o n c e n t r a t i o n s .  G u i l b a u l t  h a s  s h o w n  t h a t  t h i s  i s  b e s t  
w h e n  t h e  c o n c e n t r a t i o n  i s  l o w  ( G u i l b a u l t ,  G . G .  a n d  M o n t a l v o ,
J . G .  ( 1 9 7 0 )  ) .

F i n a l l y ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  t h e  s e n s o r  i t s e l f .  
C l e a r l y ,  i f  t h i s  c h a n g e s  t h e  r e s p o n s e  w i l l  a l s o  c h a n g e .  T o  
d a t e  t h i s  h a s  n o t  b e e n  a  l i m i t i n g  f a c t o r  d u e  t o  t h e  s t a b i l i t y  
o f  t h e  e l e c t r o d e  m a t e r i a l s  i n  c u r r e n t  u s a g e .

A s  w i l l  b e  s e e n  l a t e r ,  t h i s  i s  n o t  n e c e s s a r i l y  t h e  c a s e  
i f  a  c h e m i c a l l y  m o d i f i e d  e l e c t r o d e  i s  u s e d  a s  t h e  b a s e  s e n s o r .  
M o d e r n  C o n c e p t s  i n  A m p e r o m e t r i c  E n z y m e  E l e c t r o d e s  
( 1 )  T h e  m e d i a t e d  g l u c o s e  s e n s o r

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

T h e  s e n s o r  c a n  b e  m a d e  i n d e p e n d e n t  o f  o x y g e n  b y  p r o v i d i n g  
a n  a l t e r n a t i v e  e l e c t r o n  a c c e p t o r .  I f  t h e  a c c e p t o r  c a n  a c c e p t  
e l e c t r o n s  f r o m  t h e  e n z y m e  a n d  p a s s  t h e m  t o  t h e  e l e c t r o d e ,  i t  
i s  c a l l e d  a  m e d i a t o r .  A l t h o u g h  t h e  e n z y m e  n o  l o n g e r  i n t e r a c t s  
w i t h  o x y g e n  t h e  s a m e  m u s t  a l s o  b e  t r u e  o f  t h e  m e d i a t o r .  S t u d i e s  
h a v e  s h o w n  t h a t  f e r r o c e n e  a n d  i t s  d e r i v a t i v e s  w i l l  a c c e p t  
e l e c t r o n s  f r o m  r e d u c e d  g l u c o s e  o x i d a s e ,  b u t  a t  t h e  s a m e  t i m e  
w i l l  n o t  r e a c t  w i t h  o x y g e n  ( C a s s ,  A . G .  e t  a l  ( 1 9 8 4 ) ) .  I t  
follows, therefore, i f  f e r r o c e n e  i s  u s e d  i n  c o n j u n c t i o n  with 

glucose oxidase, a sensor can be made which is totally
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i n d e p e n d e n t  o f  o x y g e n .  I n  t h e  m e d i a t e d  s e n s o r  t h e  e n z y m e  
l i n k s  t h e  o x i d a t i o n  o f  g l u c o s e  w i t h  t h e  r e d u c t i o n  o f  t h e  
m e d i a t o r ,  w h i c h  i n  t u r n  i s  o x i d i z e d  a t  t h e  e l e c t r o d e .  A n o t h e r  
a d v a n t a g e  i s  t h a t  t h e  s e n s o r  o p e r a t e s  a t  t h e  p o t e n t i a l  o f  t h e  
m e d i a t o r .  T h i s  i s  c o n s i d e r a b l y  l e s s  t h a n  t h e  p o t e n t i a l  f o r  t h e  
o x i d a t i o n  o f  h y d r o g e n  p e r o x i d e  w i t h  t h e  r e s u l t  t h a t  t h e  
p o s s i b i l i t y  o f  e l e c t r o c h e m i c a l  i n t e r f e r e n c e  i s  r e d u c e d .
F i g .  7 . 2  i l l u s t r a t e s  t h e  b a s i c  o p e r a t i o n a l  d i f f e r e n c e s  
b e t w e e n  a  c l a s s i c a l  g l u c o s e  s e n s o r  a n d  a  m e d i a t e d  o n e .
( 2 )  D i r e c t  E l e c t r o n  T r a n s f e r  f r o m  a  P r o t e i n  t o  t h e  E l e c t r o d e

A l t h o u g h  s e n s o r s  w h i c h  i n c o r p o r a t e  m e d i a t o r s  a r e  a n  
i m p r o v e m e n t  o n  t h e  c l a s s i c a l  s e n s o r s  i n  t e r m s  o f  s e n s i t i v i t y  
t o  o x y g e n ,  i t  i s  l i k e l y  t h a t  t h e i r  p r o p e r t i e s  w i l l  s t i l l  
r e f l e c t  n o t  o n l y  t h e  b e h a v i o u r  o f  t h e  e n z y m e ,  b u t  a l s o  t h a t  
o f  t h e  m e d i a t o r ,  e . g .  t h e  f e r r i c i n i u m  i o n  i s  a n  u n s t a b l e  
s p e c i e s .  F u r t h e r  i m p r o v e m e n t s  w o u l d  r e s u l t  i f  d i r e c t  e l e c t r o n  
t r a n s f e r  b e t w e e n  t h e  e n z y m e  a n d  t h e  e l e c t r o d e  c o u l d  b e  
a c h i e v e d .

T h e  m o s t  s i g n i f i c a n t  s t e p s  t o w a r d  t h i s  g o a l  h a v e  b e e n  
m a d e  b y  H i l l ' s  g r o u p  i n  O x f o r d .  T h e y  s h o w e d  t h a t  d i r e c t  
e l e c t r o n  t r a n s f e r  f r o m  c y t o c h r o m e  c  t o  a  b a s e  m e t a l  
e l e c t r o d e  p r o c e e d e d  v e r y  s l o w l y .  W i t h  s u i t a b l e  m o d i f i c a t i o n ,  
h o w e v e r ,  t h e  p r o c e s s  c o u l d  b e  a c c e l e r a t e d  d r a m a t i c a l l y .
R a p i d  e l e c t r o n  t r a n s f e r  w a s  o b s e r v e d  b e t w e e n  c y t o c h r o m e  c  
a n d  a  g o l d  e l e c t r o d e  c o a t e d  w i t h  a  l a y e r  o f  4 , 4 1 - b i p y r i d y 1  
o r  1 , 2 - b i s ( 4 - b i p y r i d y 1 )  e t h y l e n e  ( E d d o w e s ,  M . J .  a n d  H i l l ,
H.A.O. (1979)). These compounds were termed promoters of 
electron transfer. Later experiments showed that a number 
of compounds which were known to inhibit the binding of 
cytochrome c to its natural redox partner, cytochrome
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(a) (b)

DGL

©
a

N

DG

= Electrode.

Fig 7.2.

(a) Classical design for a glucose sensor. The enzyme 
links the oxidation of glucose to the reduction of 
molecular oxygen. The fall in the concentration of 
oxygen is registered by the base sensor.
(b) The mediated sensor. The enzyme links the oxidation 
of glucose to the reduction of the mediator which in 
turn is reoxidized at the base sensor. In this way the 
sensor can be made independent of oxygen.

G = glucose, DGL = gluconolactone, K = mediator, 
e = electron, E = enzyme
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o x i d a s e ,  a l s o  p r e v e n t e d  t h e  t r a n s f e r  o f  e l e c t r o n s  f r o m  
c y t o c h r o m e  c  t o  t h e  m o d i f i e d  g o l d  e l e c t r o d e  ( E d d o w e s ,  M . J .  
e t  a l  ( 1 9 7 9 )  a n d  A l b e r y ,  J .  e t  a _ l  ( 1 9 8 1 ) ) .  T h e s e  e x p e r i m e n t s  
s u p p o r t e d  t h e  v i e w  t h a t  t h e  4 , 4 ' - b i p y r i d y l  i m i t a t e d  t h e  
b e h a v i o u r  o f  c y t o c h r o m e  o x i d a s e  i n  p r e s e n t i n g  a  s u r f a c e  t o  
c y t o c h r o m e  c  t o  w h i c h  i t  c o u l d  b i n d  p r o d u c t i v e l y  p r i o r  t o  
e l e c t r o n  t r a n s f e r .  I t  w a s  s u g g e s t e d  t h a t  t h e  l y s i n e  
r e s i d u e s  w h i c h  s u r r o u n d  t h e  e l e c t r o - a c t i v e  h a e m  e d g e  o f  
c y t o c h r o m e  c  i n t e r a c t  e l e c t r o s t a t i c a l l y  w i t h  t h e  4 , 4 ' - b i p y r i d y l , 
t h e r e b y  a l l o w i n g  t r a n s f e r  t o  t a k e  p l a c e  e f f i c i e n t l y .  T h e  
h y p o t h e s i s  t h a t  r a p i d  e l e c t r o n  t r a n s f e r  c a n  t a k e  p l a c e  i f  t h e  
e l e c t r o d e  m i m i c s  t h e  p r o t e i n ' s  o w n  n a t u r a l  p a r t n e r  g a i n e d  
f u r t h e r  e n c o u r a g e m e n t  f r o m  t h e  o b s e r v a t i o n  t h a t  m a g n e s i u m  
i o n s  p r o m o t e d  e l e c t r o n  t r a n s f e r  f r o m  r e d u c e d  f e r r o d o x i n  t o  
a  g r a p h i t e  e l e c t r o d e  ( A r m s t r o n g ,  F . A . e t  a l  ( 1 9 8 2 ) ) .
P o r o u s  N i c k e l  a s  t h e  A m p e r o m e t r i c  S e n s o r  i n  E n z y m e  E l e c t r o d e s

P o r o u s  n i c k e l  i s  a  p o t e n t i a l l y  a t t r a c t i v e  m a t e r i a l  f o r  
t w o  i m p o r t a n t  r e a s o n s .

i )  B e c a u s e  o f  i t s  p o r o u s  n a t u r e  i t  i s  p o s s i b l e  t o  
o b t a i n  a  h i g h  e n z y m e  l o a d i n g .  I n  t h e  s i m p l e s t  c a s e  t h i s  c a n  
b e  a c h i e v e d  b y  d i p p i n g  t h e  e l e c t r o d e  i n t o  a  c o n c e n t r a t e d  
s o l u t i o n  o f  t h e  e n z y m e  a n d  a l l o w i n g  t h e  p o r e s  o f  t h e  m a t r i x  
t o  b e c o m e  f l o o d e d .  A  s u i t a b l e  m e m b r a n e  p l a c e d  o v e r  t h e  p r o b e  
a s s e m b l y  w o u l d  s e r v e  t o  k e e p  t h e  e n z y m e  i n  p l a c e .

i i )  A n  e l e c t r o d e  m a d e  o u t  o f  p o r o u s  n i c k e l  w o u l d  h a v e  
a  l a r g e  s u r f a c e  a r e a .  L a r g e  c u r r e n t s  w o u l d  t h e r e f o r e  b e  
e x p e c t e d  f o r  a  g i v e n  c o n c e n t r a t i o n  of a n a l y t e .  F u r t h e r m o r e ,  
a  l a r g e  s u r f a c e  a r e a  n i c k e l  e l e c t r o d e  w o u l d  b e  c h e a p e r  t h a n  
t h e  c o r r e s p o n d i n g  g o l d  o r  p l a t i n u m  e l e c t r o d e .  T h e s e  a d v a n t a g e s  
however m u s t  b e  offset by the possibility of l a r g e  b a c k g r o u n d  
currents.
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I n  g e n e r a l  t e r m s  t h e r e  a r e  t w o  i m p o r t a n t  c r i t e r i a  
w h i c h  d e t e r m i n e  t h e  s u i t a b i l i t y  o f  a  m e t a l ,  a s  a n  e l e c t r o d e  
m a t e r i a l .  T h e  f i r s t  o f  t h e s e  i s  i t s  u s e f u l  p o t e n t i a l  r a n g e .
T h e  u p p e r  l i m i t  i s  u s u a l l y  s e t  b y  t h e  p o t e n t i a l  a t  w h i c h  t h e  
m e t a l  b e g i n s  t o  o x i d i z e .  T h e  s e c o n d  c r i t e r i o n  i s  t h e  m a g n i t u d e  
a n d  r e p r o d u c i b i l i t y  o f  t h e  p e a k  c u r r e n t s  o b t a i n e d  w i t h  t h e  
e l e c t r o d e .  S u r f a c e  f i l m  f o r m a t i o n ,  a d s o r p t i o n  o f  r e a c t a n t s ,  
i n t e r m e d i a t e s  o r  p r o d u c t s  a r e  k n o w n  t o  i n f l u e n c e  t h e  r e p r o ­
d u c i b i l i t y  o f  t h e  p e a k  c u r r e n t  m e a s u r e m e n t s .  T r a d i t i o n a l  
e l e c t r o d e  m a t e r i a l s  a r e  g o l d ,  p l a t i n u m  a n d  m e r c u r y ,  w h i c h  
a r e  a l l  e x t r e m e l y  s t a b l e  u n d e r  t h e  c o n d i t i o n s  i n  w h i c h  t h e y  
a r e  n o r m a l l y  u s e d .  B e l o w  a r e  l i s t e d  t h e  s t a n d a r d  r e d o x  
p o t e n t i a l s  o f  t h e s e  m e t a l s  a n d  n i c k e l  f o r  c o m p a r i s o n .

E l e c t r o d e  r e a c t i o n
TV .  3  +  A u  =  A u + 3 e  — - - > + 1 . 5 0

2  +H g  =  H g + 2 e  - - - > + 0 . 8 5
2  +N i  =  N i + 2 e - - > + 0 . 2 5

C u r r e n t  e l e c t r o c h e m i c a l  u s e s  o f  n i c k e l
T h e  c u r r e n t  u s e s  o f  n i c k e l  a s  a n  e l e c t r o d e  m a t e r i a l  a r e  

u n u s u a l  i n  a s  f a r  a s  t h e  e l e c t r o c h e m i c a l  r e a c t i o n s  r e l y  o n  
t h e  f o r m a t i o n  o f  a  s t r o n g  s u r f a c e  o x i d a n t .  T h e  s u r f a c e  a c t i v e  
s p e c i e s  i s  N i ^ +  w h i c h  i s  t h o u g h t  t o  o c c u r  a s  N i O ( O H ) . F i g .  7 . 3  
shows a  c y c l i c  v o l t a m m o g r a m  c o r r e s p o n d i n g  t o  t h e  f o r m a t i o n  o f  
the h i g h e r  v a l e n c e  s p e c i e s .  N i ^ +  compounds c a n  b e  p r e p a r e d  
in the l a b o r a t o r y  b y  t h e  a c t i o n  o f  B r ^  o n  a l k a l i n e  s o l u t i o n s  o f  
N i ^ " * .  T h i s  g i v e s  r i s e  t o  a  b l a c k  h y d r o u s  o x i d e  w i t h  t h e  
average c o m p o s i t i o n  N i O ( O H ) . This species is a n  e x t r e m e l y  
powerful oxidizing agent. As a result of this property, 

nickel has found two important applications.
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Fig 7.3. Cyclic voltammogram for nickel in 50 weight 
percent (w/o) potassium hydroxide at 47°C. The scan 
rate was 50mV sec”1.
The peak before oxygen evolution is believed to corres- 

2+ 34-pond to Ni /Ni oxidation.
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( 1 )  A s  t h e  a n o d e  i n  w a t e r  e l e c t r o l y s e r s .

O x y g e n  e v o l u t i o n  o c c u r s  a t  a n  o x i d e  s u r f a c e  w h e r e  t h e
a v e r a g e  o x i d a t i o n  s t a t e  o f  t h e  N i  i s  + 3 .  A t  p o t e n t i a l s

3  +  4 +h i g h e r  t h a n  1 . 5  v o l t s  v s  r h e  t h e  N i  i s  c o n v e r t e d  t o  N i  
w h i c h  i s  i n a c t i v e  f o r  o x y g e n  e v o l u t i o n .  F u r t h e r m o r e ,  n i c k e l  
i s  s t a b l e  u n d e r  t h e  c o n d i t i o n s  o f  a n o d i c  p o l a r i z a t i o n  i n  t h e  
a l k a l i n e  s o l u t i o n .

( 2 )  I n  t h e  e l e c t r o c h e m i c a l  o x i d a t i o n  o f  o r g a n i c  c o m p o u n d s .
O x i d a t i o n s  o f  s i m p l e  f u n c t i o n a l i t i e s  s u c h  a s  - O H  a n d  - N H 2

h a v e  b e e n  c a r r i e d  o u t  b y  a n o d i c a l l y  f o r m e d  o x i d e  f i l m s  o n  
n i c k e l  e l e c t r o d e s .  T h u s ,  1 °  a l c o h o l s  h a v e  b e e n  o x i d i z e d  t o  
c a r b o x y l i c  a c i d s  ( F l e i s c h m a n n , M .  e t  a l _  ( 1 9 7 2 ) ) ,  2 °  a l c o h o l s  
t o  k e t o n e s  ( A m j a d ,  M .  e t  a l  ( 1 9 7 7 ) )  a n d  1 °  a m i n e s  t o  n i t r i l e s  
( F l e i s c h m a n n  e t  a l  ( 1 9 7 2 ) )  . I t  s h o u l d  b e  n o t e d  t h a t  i n  t h e s e  

e x a m p l e s  t h e  e l e c t r o c h e m i c a l  s y s t e m  s e r v e s  o n l y  t o  p r o v i d e  a  
w a y  o f  c o n t i n u o u s l y  r e g e n e r a t i n g  t h e  h i g h e r  v a l e n c e  s t a t e  o f  
t h e  r e a c t i v e  o x i d a n t .
C o n c l u d i n g  R e m a r k s

A l t h o u g h  t h e  n i c k e l  o x i d e  s y s t e m  i s  p o t e n t i a l l y  v e r y  
a t t r a c t i v e ,  i t  i s  o f  c o u r s e  n o t  s u i t a b l e  f o r  u s e  w i t h  e n z y m e  
e l e c t r o d e s .  T h i s  i s  b e c a u s e  o f  t w o  i m p o r t a n t  r e a s o n s .  T h e  
f i r s t  o f  t h e s e  i s  d u e  t o  t h e  f a c t  t h a t ,  a l t h o u g h  t h e  a n o d i c a l l y  
p r o d u c e d  o x i d e  c o u l d ,  i n  p r i n c i p l e ,  b e  u s e d ,  e . g .  i n  t h e  
o x i d a t i o n  o f  ^ 2^2  P r c > d u c e d  b y  g l u c o s e  o x i d a s e ,  i t  w o u l d  
o x i d i z e  a n y  s u s c e p t i b l e  s p e c i e s  p r e s e n t  i n  t h e  s o l u t i o n .
T h i s  w o u l d  l e a d  t o  e r r o n e o u s  r e s u l t s ,  a l t h o u g h  t h e o r e t i c a l l y  
o n e  c o u l d  g e t  a r o u n d  t h e  p r o b l e m  b y  u t i l i z i n g  a  d u a l  e l e c t r o d e  
s e t - u p .  T h e  s e c o n d  p r o b l e m  i s  m u c h  m o r e  s e r i o u s  a n d  a r i s e s  
f r o m  t h e  f a c t  t h a t  t h e  e l e c t r o d e  w o u l d  p r o b a b l y  o x i d i z e  
s u r f a c e  g r o u p s  o n  the enzyme such as -NH2 , -OH, -SH. This 

would cause the properties of the enzyme to alter, at worst:
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t h e  e n z y m e  w o u l d  d e n a t u r e ,  a n d  i n c o r r e c t  a n d  i r r e p r o d u c i b l e  
r e s u l t s  w o u l d  b e  o b t a i n e d  f r o m  s u c h  a  p r o b e .  D i f f e r e n t  
a v e n u e s  m u s t  t h e r e f o r e  b e  e x p l o r e d .
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CHAPTER 8

MATERIALS AND METHODS FOR SECTION II

R e a g e n t s
U n l e s s  o t h e r w i s e  s t a t e d ,  a l l  s o l u t i o n s  w e r e  p r e p a r e d  

f r o m  A r i s t a r  g r a d e  ( B D H )  c h e m i c a l s  i n  h i g h  p u r i t y  w a t e r  
( M i l l i p o r e ) . S t o c k  s o l u t i o n s  o f  D - g l u c o s e  ( 1 . O M )  w e r e  s t o r e d  
o v e r n i g h t  a t  r o o m  t e m p e r a t u r e  t o  a l l o w  e q u i l i b r a t i o n  o f  t h e  a 
a n d  — a n o m e r s .  P h o s p h a t e  b u f f e r s  w e r e  a d j u s t e d  t o  t h e
c o r r e c t  p H  b y  t h e  d r o p w i s e  a d d i t i o n  o f  1 . 0 M  N a O H .  T r i s  
b u f f e r  w a s  a d j u s t e d  t o  t h e  c o r r e c t  p H  w i t h  0 . 1 M  H C 1 .

G l u c o s e  o x i d a s e  ( E C  1 . 1 . 3 . 4  t y p e  2 )  f r o m  A s p e r g i l l u s  
n i g e r , m o l  w t  1 8 6 , 0 0 0 ,  w a s  s u p p l i e d  f r o m  B o e h r i n g e r  M a n n h e i m

_ ia n d  h a d  a n  a c t i v i t y  o f  2 4 7  I . U .  m g  . I n  t h i s  r e p o r t  t h e
c o n c e n t r a t i o n  o f  g l u c o s e  o x i d a s e  i s  e x p r e s s e d  i n  t e r m s  o f
t h e  m o l a r i t y  o f  c a t a l y t i c a l l y  a c t i v e  F A D .  T h i s  w a s  d e t e r m i n e d
s p e c t r o p h o t o m e t r i c a l l y  u s i n g  a  l a m b d a  3  P e r k i n  E l m e r  a n d  a

4  - 1  - 1m o l a r  e x t i n c t i o n  c o e f f i c i e n t  o f  1 . 3 1  x  1 0  1  m o l  c m  a t
4 5 0  n m  ( D u k e ,  R . F .  e t  a l _  ( 1 9 6 9 1 .  F r e s h  s o l u t i o n s  o f  e n z y m e  
w e r e  p r e p a r e d  o n  a  d a i l y  b a s i s .

F e r r o c e n e  c a r b o x y l i c  a c i d  a n d  d i m e t h y l - a m i n o - e t h y l  
f e r r o c e n e  w e r e  p u r c h a s e d  f r o m  A l d r i c h  C h e m i c a l  C o .  T h e  o t h e r  
f e r r o c e n e  d e r i v a t i v e s  m e n t i o n e d  i n  t h i s  w o r k  w e r e  s y n t h e s i z e d  
b y  m e t h o d s  d e s c r i b e d  l a t e r .  P r i o r  t o  u s e ,  t h e  c o n c e n t r a t i o n s  
o f  s t o c k  f e r r o c e n e  s o l u t i o n s  w e r e  d e t e r m i n e d  by A t o m i c  
A b s o r p t i o n  S p e c t r o s c o p y ;  t h e  iron was r e l e a s e d  by a d d i n g  2  m i s  
o f  a q u a  r e g i a  t o  t h e  s a m p l e  a n d  incubating t h e  s o l u t i o n  a t  
4 0 ° C  f o r  3 0  m i n u t e s .
A p p a r a t u s

D.C. cyclic voltammetry experiments and steady state 

measurements were performed, using a two component ceil that
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h a d  a  w o r k i n g  v o l u m e  o f  1 m l  ( P l a t e  8 . 1 ) .  T h e  g l a s s  c e l l  w a s  
m a n u f a c t u r e d  b y  t h e  d e p a r t m e n t a l  g l a s s  b l o w e r .  I n  a d d i t i o n  
t o  t h e  n i c k e l  d i s c  w o r k i n g  e l e c t r o d e ,  t h e  c e l l  c o n t a i n e d  a  
1 c m 2 p l a t i n u m  g a u z e  c o u n t e r  e l e c t r o d e  ( P l a t e  8 . 1 )  a n d  a  
s a t u r a t e d  c a l o m e l  e l e c t r o d e  ( S C E ) , p u r c h a s e d  f r o m  R a d i o m e t e r ,  
a s  r e f e r e n c e .  I n  t h i s  w o r k  a l l  p o t e n t i a l s  a r e  r e f e r r e d  t o  
t h e  s a t u r a t e d  c a l o m e l  e l e c t r o d e .  T h e  w o r k i n g  c o m p a r t m e n t  
o f  t h e  c e l l  c o u l d  b e  s t i r r e d  d u r i n g  o p e r a t i o n  w i t h  a  m a g n e t i c  
s t i r r e r  b a r .  A d d i t i o n s  c o u l d  b e  m a d e  d i r e c t l y  t o  t h e  c e l l  v i a  
a n  i n j e c t i o n  p o r t  o n  t h e  s i d e  o f  t h e  w o r k i n g  e l e c t r o d e .  
E l e c t r o d e  c o n s t r u c t i o n

T h e  m a i n  b o d y  o f  t h e  w o r k i n g  e l e c t r o d e  w a s  m a c h i n e d  o u t  
o f  P T F E  p l a s t i c  b y  t h e  d e p a r t m e n t a l  w o r k s h o p .  0 . 2 5 "  d i a m e t e r  
d i s c s  w e r e  c u t  f r o m  s h e e t s  o f  n i c k e l  w i t h  a  s t e e l  p u n c h .

B u l k  n i c k e l  d i s c s  w e r e  s p o t  w e l d e d  t o  t h e  b r a s s  r o d ,  
t h u s  m a k i n g  a n  e l e c t r i c a l  c o n n e c t i o n  t o  t h e  e x t e r n a l  c i r c u i t ,  
a n d  t h e n  p o t t e d  i n t o  t h e  m a i n  e l e c t r o d e  a s s e m b l y  w i t h  e p o x y  
r e s i n .

P o r o u s  n i c k e l  d i s c s  w e r e  p o t t e d  i n t o  t h e  e l e c t r o d e  
w i t h  n i c k e l  A r a l d i t e ,  a  p r e p a r a t i o n  m a d e  o u t  o f  r e s i n  a n d  
f i n e l y  g r o u n d  n i c k e l  p o w d e r .  N o t  o n l y  d i d  t h e  n i c k e l  
A r a l d i t e  s e a l  t h e  d i s c  i n  p l a c e ,  b u t  i t  a l s o  p r o v i d e d  
e l e c t r i c a l  c o n t a c t  a n d  p r e v e n t e d  t h e  e l e c t r o l y t e  s o l u t i o n  
f r o m  r e a c h i n g  t h e  b r a s s  r o d .  A  s c h e m a t i c  d r a w i n g  o f  t h e  
w o r k i n g  e l e c t r o d e  i s  s h o w n  i n  f i g .  8 . 1 .
E l e c t r o d e  p r e t r e a t m e n t

i) Bulk nickel electrodes.

A f t e r  manufacture, initial polishing was c a r r i e d  out 

b y  hand using wet Silicon Carbide paper. T h e  polishing was 

started with coarse grade paper and finished with fine grade



Plate 8.1
A. shows a photograph of the electrochemical cell. 
The working compartment,1, had a volume of 1ml.
2, is the reference compartment.

B shows a photograph of both the platinum counter 
electrode and the finished nickel disc working 
electrode.



\
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F i g  8* 1 .
Schematic drawing of the nickel disk working electrode.



6 0 0 0  p a p e r .  W h e n  t h e  s u r f a c e  o f  t h e  e l e c t r o d e  a p p e a r e d  
s m o o t h  t o  t h e  n a k e d  e y e  i t  w a s  t r a n s f e r r e d  t o  a  c l o t h  
p o l i s h i n g  w h e e l  i m p r e g n a t e d  w i t h  d i a m o n d  p a s t e .  A c e t o n e  
w a s  u s e d  a s  t h e  l u b r i c a n t .  T h e  a p p e a r a n c e  o f  t h e  n i c k e l  
s u r f a c e  w a s  c h e c k e d  p e r i o d i c a l l y  u s i n g  a  l o w  p o w e r  m e t a l ­
l u r g i c a l  o p t i c a l  m i c r o s c o p e .  W h e n  t h e  s u r f a c e  w a s  j u d g e d  
t o  b e  f r e e  o f  g r o s s  i m p e r f e c t i o n s  t h e  e l e c t r o d e  w a s  w a s h e d  
t h o r o u g h l y  i n  a c e t o n e ,  u s i n g  a n  u l t r a s o n i c  c l e a n i n g  b a t h .
T h e  e l e c t r o d e  w a s  t h e n  s t o r e d  i n  a  d r y  c a b i n e t  u n t i l  n e e d e d .

I m m e d i a t e l y  b e f o r e  u s e ,  t h e  e l e c t r o d e  w a s  g i v e n  a  q u i c k  
p o l i s h  u s i n g  h i g h  g r a d e  p u r i t y  a l u m i n a  p o w d e r  ( B D H )  a n d  t h e n  
e l e c t r o c h e m i c a l l y  c l e a n e d  b y  p l a c i n g  i t  i n  a  s o l u t i o n  o f  0 . 1 M  

a n d  c y c l i n g  t h e  p o t e n t i a l  f r o m  0  t o  - 1 V  v s  S C E  f o r  1 5  
m i n u t e s .

i i )  P o r o u s  n i c k e l  e l e c t r o d e s .
T e c h n i q u e s  i n v o l v i n g  a b r a s i o n  w e r e  n o t  a p p l i c a b l e  i n  

t h i s  c a s e .  F u r t h e r m o r e ,  i t  w a s  f o u n d  t h a t  t h e  p o r o u s  
e l e c t r o d e s  c o u l d  n o t  b e  c l e a n e d  e l e c t r o c h e m i c a l l y  a s  d e s c r i b e d  
a b o v e ,  s i n c e  i t  w a s  o b s e r v e d  t h a t  u n d e r  t h e s e  c o n d i t i o n s  t h e  
i r o n  i n  t h e  s u p p o r t i n g  g r i d  c o r r o d e d .  C o n s e q u e n t l y  t h e  
f o l l o w i n g  r e g i m e  w a s  a d o p t e d .
1 )  S u r f a c e  g r e a s e  w a s  r e m o v e d  b y  w a s h i n g  t h e  e l e c t r o d e  w i t h  
a c e t o n e  u s i n g  a  s o n i c a t i n g  w a t e r  b a t h .
2 )  I m m e d i a t e l y  b e f o r e  u s e ,  a n y  s u r f a c e o x i d e ” w a s  s t r i p p e d
b y  p l a c i n g  t h e  e l e c t r o d e  i n  d i l u t e  a m m o n i a  f o r  a  p e r i o d  o f  2  
h o u r s .  (The chemical basis of t h i s  t r e a t m e n t  i s  t h a t  t h e  
surface layer is dissolved due t o  t h e  f o r m a t i o n  o f  t h e  s o l u b l e  
[Ni(NH^)g] complex ion.

3) Finally, the electrode was washed with plenty of distilled
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water.
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I n s t r u m e n t a t i o n
D . C .  c y c l i c  v o l t a m m e t r y  a n d  s t e a d y  s t a t e  c u r r e n t  

m e a s u r e m e n t s  w e r e  m a d e  u s i n g  a  t r i a n g u l a r  w a v e  g e n e r a t o r  
a n d  a  p o t e n t i o s t a t  d e s i g n e d  a n d  b u i l t  i n  t h e  C h e m i s t r y  
D e p a r t m e n t .  T h e  a p p l i e d  p o t e n t i a l  w a s  m o n i t o r e d  u s i n g  a  
F l u k e  d i g i t a l  m u l t i m e t e r .  C u r r e n t - t i m e  a n d  c u r r e n t - p o t e n t i a l  
c u r v e s  w e r e  r e c o r d e d  u s i n g  a  S e r v o g o r  x - y - t  f l a t  b e d  r e c o r d e r .  
O r g a n i c  s y n t h e s e s

i )  S y n t h e s i s  o f  t r i m e t h y l - a m i n o - e t h y l  f e r r o c e n e  
[ F e ( C p )  2 ( C H 2 ) 2 N ( C H 3 ) 3 f .

T h e  b a s i s  o f  t h i s  s y n t h e s i s  i s  t h e  m e t h y l a t i o n  o f  a  3 °  
a m i n e  t o  g i v e  t h e  c o r r e s p o n d i n g  q u a t e r n a r y  a m m o n i u m  s a l t .
T h e  r e a c t i o n  i s  s u m m a r i z e d  b e l o w .

R 3 N :  +  R - X - - - - - ►  R 4 N +  X ~ .  ( X  =  C l " ,  B r " , i " . )
I n  t h i s  r e a c t i o n  t h e  a l k l y l  h a l i d e  u n d e r g o e s  n u c l e o p h i l i c  
s u b s t i t u t i o n  w i t h  t h e  b a s i c  a m i n e  a c t i n g  a s  t h e  n u c l e o p h i l e .  
P r o c e d u r e

1 g  o f  d i m e t h y l - a m i n o - e t h y l  f e r r o c e n e  ( 6 . 5  m m o l e s )  w a s  
d i s s o l v e d  i n  1 0  m i s  o f  t o l u e n e .  T o  t h i s  w a s  a d d e d  1 m l  o f  
m e t h y l  i o d i d e  ( 2 0  m m o l e s ) . A l m o s t  i m m e d i a t e l y  a  y e l l o w  
p r e c i p i t a t e  w a s  f o r m e d .  T h e  r e a c t i o n  m i x t u r e  w a s  l e f t  f o r  
3 0  m i n u t e s  i n  a  w e l l  v e n t i l a t e d  f u m e  c u p b o a r d . A f t e r  t h i s  
t i m e  t h e  r e a c t i o n  w a s  c o n s i d e r e d  c o m p l e t e .  T h e  p r e c i p i t a t e  
w a s  f i l t e r e d ,  w a s h e d  w i t h  d r y  e t h e r  ( 5 0  m i s )  a n d  d r i e d  u n d e r  
v a c u u m  s o  a s  t o  r e m o v e  all traces of toluene and methyl iodide. 

T . L . C .  a n a l y s i s  o f  t h e  precipitate showed that t h e  reaction had 

g o n e  t o  c o m p l e t i o n .
B e c a u s e  i t  w a s  known that Iodide (I ) would be electro­

active in the potential window of interest it was necessary to 

exchange it for an elec troinac t ive? anion. To this end, 5g of

Dowo x - 1 (Cl ) for rn was con ve r 1:i? cI t o t he 11 0 PO , form by
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r e p e t i t i v e  w a s h i n g  w i t h  1 . O M  N a H ^ P O ^ . T h e  r e s i n  w a s  t h e n  
f i l t e r e d  a n d  w a s h e d  e x h a u s t i v e l y  w i t h  d i s t i l l e d  w a t e r  u n t i l  
t h e  c o n d u c t i v i t y  w a s  z e r o .  T h e  r e s i n  w a s  t h e n  r e m o v e d  a n d  a d d e d  
t o  1 0  m i s  o f  M i l l i p o r e  w a t e r .  T h e  p r e c i p i t a t e  w a s  d i s s o l v e d  

i n  5  m i s  o f  t h e  s a m e  a n d  t h e n  a d d e d  t o  t h e  r e s i n .  T h e  i o n  
e x c h a n g e  r e a c t i o n  w a s  a l l o w e d  t o  p r o c e e d  f o r  6 0  m i n u t e s .
A f t e r  t h i s  t i m e ,  t h e  r e s i n  w a s  r e m o v e d  a n d  t h e  f i l t r a t e  
r e d u c e d  b y  r o t a r y  e v a p o r a t i o n .  T h e  r e s u l t a n t  s o l u t i o n  w a s  
t h e n  f r e e z e  d r i e d  o v e r n i g h t ,  g i v i n g  a  y e l l o w  a m o r p h o u s  r e s i d u e .  
F i n a l l y ,  t h e  p r o d u c t  w a s  c h a r a c t e r i z e d  b y  D . C .  c y c l i c  v o l t a m ­
m e t r y  o n  a  g o l d  e l e c t r o d e  ( F i g .  8 . 2 ) .

T h e  s t e p s  i n v o l v e d  i n  t h i s  s y n t h e s i s  a r e  o u t l i n e d  b e l o w .

i i )  S y n t h e s i s  o f  F e r r o c e n e - 1 - a m i n o h e x y l - c a r b o x a m i d e  
( F e  ( C p )  2 «  C O N H *  ( C H 2 ) • N H 2 )

T h e  c h e m i c a l  b a s i s  o f  t h i s  synthesis w a s  t o  m a k e  a  
s t a b l e  p e p t i d e  b o n d  between the carboxyl g r o u p  of f e r r o c e n e  
c a r b o x y l i c  a c i d  a n d  one of the free amino g r o u p s  p r e s e n t  o n  
t h e  d i a m i n o  h e x a n e  moiety. To this end the synthesis was 

carried out in two steps.

Fe
I

(A) (B)

[Ion exchange]

(C)

1
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P i g  8 . 2 .

( a )  D . C .  c y c l i c  v o l t a m m o g r a m  o f  B  i n  N a C I O  ( 0 . 1 M )
4 -1o b t a i n e d  a t  a  g o l d  e l e c t r o d e .  T h e  s c a n  r a t e  w a s  5 m V s

( b )  D . C .  c y c l i c  v o I t a m m o g r a m  o f  C  i n  N a C I O  ( 0 . 1 M )
4 -1o b t a i n e d  a t  a  g o l d  e l e c t r o d e .  T h e  s c a n  r a t e  w a s  5 n i V s
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carboxylic acid.
Step (2) Form the peptide linkage.
Step (1):

There are many techniques reported in the literature 
for making a peptide bond between a terminal carboxylic acid 
group and a free amino group. Various techniques were tried 
in this work but for brevity only the successful protocol 
will be described.

The chemical basis of the activation step was to form 
a mixed anhydride between ferrocene carboxylic acid and iso- 
butyl-chloroformate. The reaction is summarized below.

Fe(Cp)2C0

Fe(Cp)*C0H + RCOCl— ►  /  * (C^N'HCl.
RCO

Ferrocene-carboxylic acid Mixed anhydride.
The mixed anhydride could then be reacted with diamino 

hexane to produce the desired compound. (Wieland, T. et al, 
(1950)).
Protocol:

0.5g of ferrocene carboxylic acid (2.17 mmoles) was 
dissolved in 50 mis of distilled toluene. This required 
vigorous stirring for one hour. The resultant yellow solution 
was filtered. To this was added 2.2 mmoles of triethyfamine. 
The solution was transferred to a 250 mis round bottom flask 
and cooled by placing it on ice.

Next, 2.2 mmoles (270 til) of iso-butyl-chloro-formate 
was added with stirring. On addition of the above compound 
white fumes were seen at the surface of the liquid and the 
reaction solution turned a deep red colour. The reaction 
mixture was left for two hours and then filtered to remove 
a n y insoluble t r i e t: h y 1 a m i n e h y d r o c h 1 o ride. T . L . C . ana 1. y s i s
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analysis showed.that the reaction had gone to almost total 
completion (Fig. 8.3).
Step (2):

2.3g (20 mmoles) of 1,6-diaminohexane were crushed in 
a pestle and mortar to give a white amorphous powder. The 
powder was dried under vacuum in the presence of phosphorous 
pentoxide.

The dried powder was then dissolved in the minimum 
amount of distilled dimethyl formamide (~ 50 mis). The 
solution was filtered and made up to 100 mis with chloroform. 
(This step was necessary to ensure the solubility of the 
mixed anhydride prepared in step 1). The resultant solution 
was then cooled.

The filtered solution from step 1 was then added in a 
dropwise fashion. Almost immediately a fine precipitate 
formed. When the addition was complete the resultant mixture 
was covered with silver foil and stored overnight at 4°C. The 
next day, the solution was filtered, yielding a yellow filtrate 
and an orange precipitate.

T.L.C. and spectrophotometric analysis revealed that the 
precipitate was ferrocene carboxylic acid. The T.L.C. results 
are summarized in fig. 8.J.

Proof that the filtrate contained the desired product 
was obtained as follows:
(1) On T.L.C. a single yellow spot was detected. The yellow 
colour was indicative of the ferrocene chromophore. (This 
was also shown spectrophotometrically) . If the plate was then 
sprayed with ninhydrin, the yellow spot turned a deep purple 
colour. This reaction is indicative of the presence of a free 
a in 1 n o g r o u d . N o 1: e a 1 s o t h a t d i a m f n o h e x a n e a n d t: h e 11 n k n o wn



Fig 8.3 - ■ -+ o

= orange. 

| | = yellow.

Mobile Phase.

20mls 80mls.

Plate: DC-Alufolien Kieselgel 60.
TLC analysis of Step (l).
2 represents the starting material, ferrocene carboxylic 
acid.
1 represents the product, the mixed anhydride. .
Because both compounds were coloured, no stain was used.

Rf values of the compounds.

Spot No : Rf value
1

2
0.063
0.620
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Fig 8.3 cont'd.

1 = 1,6—diaminohexane.
2 = Ferrocene Carboxylic acid.
3 = Supernatant.
L  = Precipitate.

[ [ = yellow.

! ; = purple after ninhydrin.

Mobile Phase.

70% EtOH. 
100mls.

Plate: DC-Alufolien Kieselgel 60.
TLC analysis of Step (2).
A represents l,6,diaminohexane. ,
B represents ferrocene carboxylic acid. 
C represents the product.
Rf values of the compounds.

Spot No : Rf value.
A 
B
C

0.17
0.78

0.73
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are sufficiently separated so as not to make contamination 
a problem.
(2) If the compound was purified from a preparative plate 
and re-run on another system, again only one spot was 
detected. This also turned purple, following the ninhydrin 
treatment.

The presence of the ferrocene group plus the reactions 
indicative of a free amino group were taken as evidence for 
the structure;

F P D o n r F N iF SPACER

P E P T I D E
B O N D

R E A C T I V E  
AMINO GROUP
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CHAPTER 9

RESULTS

In the following investigation I decided to use the 
glucose-glucose oxidase system as a paradigm enzyme electrode. 
The reasons for this choice were as follows.

i) It is a well characterized and well understood system 
ii) There is tremendous interest in developing a glucose 

sensor for use in the general management of diabetes. Any 
results obtained in this work might prove useful.

iii) Because of the fact that a variety of compounds can 
accept electrons from reduced glucose oxidase. This is 
important in the sense that if monitoring the reaction by the 
usual electrochemical means proves unsuccessful, e.g. the 
anodic oxidation of hydrogen peroxide, there is an alternative 
approach available.
Oxidation of hydrogen peroxide on base nickel

First, I investigated the possibility of using a nickel 
electrode to carry out the anodic oxidation of hydrogen 
peroxide present in the electrochemical cell. Steady state 
current-potential curves were obtained in the presence and 
absence of hydrogen peroxide.

The data indicated that in the presence of 20mM hydrogen 
peroxide a current flowed at potentials greater than 800mV 
vs SCE. This was attributed to the oxidation of the hydrogen 
peroxide at the electrode surface. When the experiment was 
repeated in the absence of hydrogen peroxide it was seen 
that a current also flowed at similar potentials. This was 
attributed to the onset of nickel oxidation, i.e. Ni— >Ni^ + + 2e 
Because the two events are superimposed it does mean that 
nickel cannot be used to carry out the oxidation of the
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peroxide. Eventually, the surface of the nickel electrode 
would become covered with an inert oxide film. Recalling 
the standard redox potential for the oxidation of nickel 
this result should not be too surprising.
Oxidation of ferrocene carboxylic acid

Next, the electrochemical behaviour of ferrocene- 
carboxylic acid was investigated on base nickel by cyclic 
voltammetry. (A discussion of this technique is given in 
the appendix). A typical cyclic voltammogram obtained in 
this work is shown in fig. 9.1.

This represents an extremely irreversible voltammogram 
indicating that under these experimental conditions the 
electron transfer reaction of the ferrocene to the electrode 
is very slow.

Because of the poor results obtained with ferrocene 
carboxylic acid, I investigated the electrochemistry of 
other compounds, which were known to accept electrons from 
reduced glucose oxidase, on base nickel. Promising results 
were with potassium ferricyanide, where reversible one 
electron cyclic voltammetric waves were observed. Furthermore, 
if the potential was repetitively cycled between 0 and 800mV 
vs SCE waves were observed, which were indicative of a 
surface deposition phenomenon. Following such treatment, 
when the electrode was removed, washed thoroughly with 
distilled water and placed in a solution of background electro­
lyte (0.1M NaClO^) the cyclic voltammogram shown in fig. 9.2(b) 
was observed. Fig. 9.2(a) represents the cyclic voltammogram 
obtained from an unreacted nickel electrode under identical 
conditions.

The observation of a persistent voltammogram, together 
with the fact that it was not affected by stirring the electro-
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Fig 9.1.
D.C. cyclic voltammogram of 20mM carboxy ferrocene 
on a bare nickel electrode at a- scan rate of 5mVs \  
This represents an extremely irreversible cyclic 
voltammogram.
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F i g  9 . 2 .

(a) D.C cyclic voltammogram of an unreacted nickel 
electrode in NaClO^ (0.1M) at 2mVs_1.
(b) D.C. cyclic voltammogram of a derivitized nickel
electrode in NaCIO (0.1M) at 2mVs \4
By measuring the area under both peaks it is possible 
to show that the same quantity of material is oxidized 
and reduced in each cycle. In this respect, the reaction 
is reversible.
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lyte, was taken as evidence of prolonged surface attachment.

Similar findings have since been reported in the 
literature by Bocarsly et aJL (Bocarsly, A.B. and Sinha, S.
(1982)), who modified a nickel wire by anodic potentiostating 
in an electrolyte solution containing potassium ferrocyanide. 
Description of the modified nickel electrode

From the results presented by Bocarsly et al (Bocarsly,
A.B. and Sinha, S. (1982)), as well as those described here, 
it can be concluded that the basis of this particular 
modification is the formation of an insoluble precipitate on
the surface of the nickel with a complex anion, in this

3- 0instance Fe(CN)^ , which has the ability to both oxidise Ni
and precipitate Ni^+ from solution. The net result is a
chemi-sorbed salt with the following general composition.

Ni”[Fe(CN)6

Bocarsly's hypothesis is supported by the following lines of
evidence.

3-i) If nickel powder is reacted with Fe(CN)^ , washed 
with distilled water and then stripped by washing with 1.0M 
NaOH, it can be shown by optical spectroscopy that the only

im­material present in the basic stripping solution is Fe(CN)^ .
4-This shows that the surface species is intact Fe(CN)^ and

4 - / 3 -implies that the electroactive material is the Fe(CN)^
4 -redox couple. The fact that only Fe(CN)r is observed,
fa
3-although the initial reactant was Fe(CN)r , establishesfa

the surface oxidation of Ni-— >Ni^+.
i i.) Surface derivitisation of the nickel powder is not
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observed when it is reacted with material which either
cannot oxidize Ni^ or form a precipitate with Ni^+ ions

4- 2-in solution. Such material includes Fe(CN)g , FefCNJi-I^O
and Fe(CN)CN0 o

2 -

A final line of evidence to support the proposed nature 
of the surface species comes from considering the value 
for the immobilized salt. (In this context the value is 
taken as the average potential for the cathodic and anodic 
peaks). From fig. 9.2(b) an Ê  value of +340mV vs SCE is 
obtained. (Bocarsly et al present a similar value). This 
is fairly close to the value reported in the literature for

4 - / 3 -the solution Fe(CN)g redox couple (+210mV vs SCE) (Gutmann,
G. et al (1976)).

The synthesis of the modified electrode proved exciting 
for a number of reasons. First, the presence of the surface 
film meant that the nickel was now protected and as a result 
would be stable under anodic potentiostating. Secondly, it 
was now possible, at least in theory, to carry out reversible 
electrochemistry with ions since the redox reaction would be

3-mediated by the surface film. Finally, because Fe(CN)^ was 
a known electron acceptor of reduced glucose oxidase, it 
seemed reasonable to suppose that direct electron transfer 
from reduced enzyme to the modified electrode might take 
place.
Preparation of derivitized nickel electrodes

For routine applications it was found that a convenient
way of derivitizing the nickel surface was to place the
electrode in a solution containing 50mM potassium ferrocyanide, 

II 4 -Fe (CN) and then apply an anodic potential of +450mV vs
Skit for one hour. A bright yellow band, indicating the

III 3 -1. o  t. ma t  i o n  o 1 I e  ( CN ) ^ , W(1 s sGGn t  o f o r  m a t  t  h o  s u  r  f: a c e  o f
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the electrode. This diffused into the bulk electrolyte 
during the course of the experiment. It was observed 
that the best surface coverages were obtained when the 
experiment was carried out in a quiescent solution. Note 
that this finding is consistent with the idea of a surface 
precipitation reaction.

Although identical experimental conditions were always 
employed it was difficult to obtain exactly reproducible 
surface films. The reason for this is unclear at the moment 
but may have something to do with the fact that identical 
electrode surfaces may not always have been presented to 
the derivitizing solution.

Finally, it was found that some electroactive material 
could be deposited onto the surface of the electrode simply 
by dipping it into a strong solution (0.1M) of potassium 
ferricyanide. This procedure, however, was not very satis­
factory and gave even more irreproducible coatings.

The sequence of reactions giving rise to the surface 
material can be summarized as:

i) Fe11 (CN) 4~ ------> Fe111 (CN) g- (Electrochemical
oxidation)

ii) 2FeIIX (CN) + Ni°-->Ni2 + + 2FeI]C(CN)f” (Surface6 6
oxidation)

iii) Ni2+ + 2FeIi: (CN) -->Ni^J [Fe (CN) g 3 y"~ (Precipitation)
Modified Electrodes

Before presenting further experimental data it is 
pertinent to give a general discussion on modified electrodes. 
This will serve two purposes in that it will (a) acquaint the 
reader with the subject, and (b) help to explain the rationale 
behind subsequent experiments.



153
Modified electrodes differ from ordinary base electrodes 

in that the electrochemical reactions of species in solution 
take place through a thin surface film. As a result, instead 
of a direct electron transfer between the Fermi layer of the 
metal and an ion in solution, the electron transfer is 
mediated by the redox groups present in the layer. A 
schematic drawing of this is shown in fig. 9.3. It follows 
from this that the generation of a chemically derivitized 
surface can significantly alter the charge transfer properties 
of the native electrode.

The movement of charge through a surface attached 
electroactive film proceeds in an outward direction from the 
electrode surface towards the film solution interface.
Direct electron transfer between the electrode and the layer 
involves only those redox centres immediately adjacent to the 
electrode surface. Subsequent charge transfer to the sites 
in the layer furthest from the electrode surface is driven 
by the difference in the ratio of the reduced and oxidized 
centres in the film and that dictated by the Nernst equation 
at the applied potential. It has been shown that the move­
ment of charge through the layer obeys Fick's laws of 
diffusion (Daum, P. and Murray, R.W. (1974)).

Conceptually it seems likely that electron hopping 
between adjacent localised oxidation states is the mechanism 
for the migration of charge through the fixed surface film.
The rate at which the charge migrates through the film can 
be dependent upon:

1) The rate of charge transfer between the electro­
active centres.

2) The rate at which counterions move through the 

surface ma t r ix (Mu r ray, R.W. (1980) ) • In thi s con tex t
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Mass
Transfer

Electrode Coating Electrolyte

<£>&& = Solution redox couple.

Fig 9.3.
Diagrammatic representation of mediated electron 
transfer in a modified electrode. Electrochemical 
reactions of the solution species is mediated by 
the redox groups present in the surface film.
The movement of charge through the film is driven 
by the difference in the ratio of the reduced and 
oxidized centres in the film and that predicted by 

the Nernst equation.

Nernst equation
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counterions move into and out of surface films in order to 
maintain charge neutrality in the bulk matrix in response 
to changes in the applied potentials. The significance of 
this will become apparent later.
Ferricyanide as a Surface Mediator to Glucose Oxidase

Having prepared the modified nickel electrode, I 
investigated the possibility of obtaining direct electron 
transfer between it and reduced glucose oxidase. As it is 
known that the kinetics of charge transfer through a surface 
layer can be influenced by the transport of counterions 
(Murray, R.W. (1980)/ Kaufmann, F.B. et al (1979)), it was 
first necessary to investigate the properties of the modified 
electrode in different buffer systems which would also be 
suitable for the enzyme reaction.

The buffers used in this investigation were;
1) 0.1M Sodium Phosphate PH 7.0
2) 0.1M Potassium Phosphate PH 7.0
3) 0.1M Tris/Cl PH 7.0
The relevant data obtained in this investigation are 

presented in fig. 9.4.
The results show that the midpoint potential of the 

surface attached species, , is dependent upon the nature 
of the supporting counterion. This is most clearly shown 
when Tris/Cl is used as the supporting electrolyte, fig. 9.4(b) 
In this case only an oxidation wave is seen when the potential 
is scanned. Furthermore, if the potential is repetitively 
swept the anodic peak current, ip , decreases and eventually 
becomes zero. The reason for this behaviour will be discussed 
later. The results obtained with the two phosphate buffers 
are summarized below;
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Fig 9.4* Cyclic voltammograms of the Ni/Fe(CN)g“v̂ 3“’ 
modified electrode obtained in different electrolyte 
systems.
a Sodium phosphate pH 7*0. 
b Tris/HCl pH 7.0. 
c Potassium phosphate pH 7.°*
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Cation :
Na+ 365mV vs SCE
K+ 490mV vs SCE

As a final point, it was observed that, irrespective 
of the buffer used, the process was completely reversible 
in that changing the cation from one to the other and then 
back again always reproduced the original voltammogram.

In their most recent report, Bocarsly et al have 
communicated their findings of a similar investigation 
(Bocarsly, A.B. and Sinha, S. (1982)). I have summarized 
their results below;

Cation 1 E*
Cs + 700mV vs SCE
Li + 110mV vs SCE
Na+ 355mV vs SCE
K+ 470mV vs SCE

From this data it is also evident that the kinetics of charge 
transfer through the surface films is influenced by the nature 
of the counterion.

If the above observations, and those reported here, are
4 - / 3 -compared to those seen with the solution Fe(CN)^ redox

couple a discrepancy is seen to arise. The literature 
indicates at most a 10-30mV shift in the midpoint potential 
as a function of the supporting electrolyte (Eaton, W.A. et 
al (1967)). The anomalous behaviour of the modified electrode 
can be explained as being due to differential counterion trans­
port through the surface matrix. Recalling that counterions 
function to preserve charge neutrality, it follows that ideal 
behaviour will only be observed when the transport of counter­
ions through the matrix is not limiting. In this respect size



is often an important parameter in determining the rate of 
migration of counterions through surface films since it 
follows that counterions have to permeate through the crystal 
lattice of the surface bound material. Consequently, the 
effects of counterion transport will be least pronounced in 
those films whose crystal lattice is open in structure. It 
must also be pointed out that sometimes small counterions, 
rather than being beneficial, can cause defects to occur in 
the structural matrix of the surface bound material. Bocarsly 
has shown this to be the case for the Cs+ ion. The effects of 
Cs + ion transport were manifest as a broadening of the cathodic 
and anodic peaks in the voltammogram and a shifting of the 
value to very positive potentials.

Taken together, the results presented above show that
the surface bound material cannot be thought of as simply a
tethered solution redox couple which keeps its solvation
sphere and has a chemical reactivity similar to the solution

4-/3-Fe(CN)g redox couple. Rather, one must invoke a model
which presents the chemically synthesized interface as a 
solid phase with a definite geometrical structure and possessing 
minimum solvent interactions, yet being capable of sustaining 
ionic transport. A similar model has been proposed for 
Prussian Blue modified electrode surfaces (Itaya, K. et al,
( 1 982) ) .

In the light of such a model it is now possible to explain 
the result obtained when Tris/Cl was used as the supporting 
electrolyte. In simplistic terms, this is due to the fact 
that the counterion, fig. 9.5, is too massive to pass through 
the surface film. Consequently, it can not support appreciable 
charge transfer with the result that the voltammogram 

eventually collapses.
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Returning to the question of electron transfer from 
reduced glucose oxidase to the modified electrode, it is 
clear from the results presented above that Tris/Cl is 
unsuitable as a buffer-electrolyte system. As the redox

•f *4*potential was seen to be sensitive to both Na and K 
preference was given to using sodium phosphate as the buffer 
system for the following reasons.
i) The redox waves observed with the sodium buffer occur 
at lower potentials than those seen with potassium phosphate. 
The implication of this is that the kinetics of charge transfer 
in the film are more rapid when Na+ is the counterion.
ii) The value more closely resembles that of the solution 
redox couple when Na+ is the counterion. Again, this implies 
that the charge transfer kinetics and hence counterion trans­
port are more favourable in the sodium salt buffer.

Having established sodium phosphate as the ideal buffer- 
electrolyte system, it was then important to determine the 
stability of the surface under these conditions since this 
would ultimately determine the usefulness of the modified 
electrode. In this particular case instability would be 
manifest as the decay in the electrochemical response as a 
function of time. In turn, this could be due to factors such 
as the reaction of the electroactive film with impurities in 
the base electrolyte or desorption of electroactive material
from the surface of the electrode.
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Under conditions in which the potential was swept 
from 0 to +800 mV vs SCE in a repetitive manner, the film 
showed remarkable stability. For instance, it was noted 
that if the potential was cycled one hundred times there 
was no decrease in the amount of current that was passed.
The electrode could be removed from the solution, stored in 
a dry place overnight and used the next day without any 
apparent deterioration. It was noticed, however, that 
several cyclic potential sweeps (usually between five and 
ten) were required for the film to become fully electroactive 
and reach a state which yielded reproducible current-voltage 
curves. The reason for this behaviour is probably due to 
solvent swelling effects.

Finally, the modified*electrode was characterized by
cyclic voltammetry. The results obtained, presented in fig.
9.6, were interpreted as follows

According to current electrochemical theory, the peak
to peak separation for non diffusive reversible charge
transfer is zero, while a one electron reversible solution
process should yield a peak to peak separation of 59mV.
In both cases, the peak to peak separation remains unchanged
irrespective of the sweep rate, v (Laviron, E. ( 1979) ,
Nicholson, R.S. and Shain, I. (1964)) .

A peak width at half height, Z\e  ̂, of 90mV is predicted,
assuming a one electron reversible process (Laviron, E. (1979))

Finally, for non diffusive charge transfer the peak
current (ip and ip ) should be directly proportional to a c
the scan rate. For a solution species the peak current is
predicted to be proportional to the square root of the scan 

irate, ( v) .
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Fig 9.6.
4-/3—D.C. cyclic voltammogram of the Ni/Fe(CN)^ / electrodeD

in NaH^PO^ (O.IM) pH 7 showing scan rate dependence of 
peak current and peak to peak separation.
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Analysis of the results presented in fig. 9.6 reveals 
that the kinetic behaviour displayed by the modified nickel 
electrode is not totally consistent with the idea of non 
diffusive reversible charge transfer. The observed behaviour 
is summarized below.

i) The peak to peak separation is greater than zero, 
particularly at the fast scan rates, and increases with 
increasing sweep rates. This is indicative that at the 
faster sweep rates the movement of charge through the surface 
film is limited by diffusion.

ii) The peak currents are linearly proportional to v
_ ionly up to 20raV sec (fig. 9.7). Again, this suggests 

the diffuse nature of the waves.
iii) The observed is greater than 90mV. This

particular instance of non ideality may be due to 
(a) Repulsive interactions in the film (Murray, R.W. and 
Mosed, M. (1977)).
(b) Differences in the spatial distribution of the redox 
centres present in the surface film (Itaya, K. and Bard, A.J.
( 1978) ) .
(c) Distribution within the surface film of redox centres 
with slightly different E° values (Wrighton, J. et al (1978)).

The reason for the large zA e  ̂ can be elucidated by 
analyzing the shapes of the cyclic waves and in particular 
those obtained at slow scan speeds. As can be seen, these 
represent complex cyclic voltammetric waves which consist of 
a wave and a corresponding shoulder. This type of complex 
wave form is indicative of example c. The presence of non 
equivalent sites suggests that the film has been deposited 
on the surface of the nickel in a non homogeneous manner.
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4—Plot of ipeak vs scan rate for the Ni/Fe(CN)^ ' 
modified electrode. The loss of linearity suggests 
that at scan rates greater than 2Q;mVs~1 the flux 
of charge through the surface film becomes diffusion 
limited.
(Note, the data presented above has been corrected 
for any charging contributions.)
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In such a film the chemical environments of the individual 
redox centres may be sufficiently different to alter their 
E° values. (Note that this situation is analagous to the 
effect that different chemical environments can have on the 
pk values of acid or basic moieties).

The diffusion limited kinetics observed for the flux 
of charge through the film could be due to either slow 
counterion movement or sluggish charge transfer between non 
equivalent redox centres.

Having characterized the modified electrode, the stage 
was now set to see if electron transfer would take place 
rapidly from reduced glucose oxidase to the surface groups 
of the modified electrode.

It soon became evident that, irrespective of the experi­
mental strategy employed, direct electron transfer from the 
reduced enzyme to the modified electrode was not observed.
A possible explanation for this disappointing result may be 
that the electroactive moiety of glucose oxidase, the FAD 
cofactor, is buried deep within the structure of the enzyme 
and is therefore not accessible to the surface of the electrode. 
Unfortunately there is no X-ray data available at present to 
support this hypothesis.

A new approach was therefore needed, and the obvious 
line of investigation to follow was to see if the electro­
chemistry of ferrocene, or its derivatives, could be mediated 
by the redox groups present on the modified electrode. 
Electrochemistry of ferrocene derivatives at the modified 
nickel electrode

Ferrocene is a transition metal 71 -a rene complex which 
consists of an iron atom sandwiched between two eyelopentadieny1 
rings (f ig. 9.8).



Fig 9.8

F e6
The sandwich structure has been verified by x-ray 

studies. Only one type of C-H bond is found in I.R. and 
n.m.r. The ferrocene rings are electron rich, each carbon 
atom having 1.2x greater electron density than the carbons 
in benzene. As a result, amino ferrocene is much more basic 
than aniline and ferrocene carboxylic acid is more acidic 
than benzoic acid.

Oxidation of ferrocene can be effected by a wide 
variety of organic and inorganic agents. Furthermore, ferro­
cene can also be oxidized electrochemically (Cass, A.G. et al 
(1984)).

Preliminary experiments were carried out to see if 
dimethylaminoethyl ferrocene would undergo reversible electro­
chemistry at the derivitized nickel electrode. Fig. 9.9(b) 
shows the oxidation voltammogram for a stirred solution (a 
polarogram) of this compound at the modified electrode.
Fig. 9.9(a) shows the cyclic voltammogram corresponding to 
the surface film of the modified nickel electrode. The 
results show that the oxidation wave of the ferrocene- is 
superimposed onto the cyclic voltammetric waves of the surface 
film in so far as:

(1) The oxidation of the ferrocene commences at the 
onset potential for the surface bound material.

(2) The half wave potential for the oxidation of the

of the surface immobilized redox couple. Together, these
ferrocene is very close to the peak oxidation potential (ip )a
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Fig 9.9.
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(a) D.C. cyclic voltammogram of the Ni/Fe(CN)4 ^
6in NaCIC) (0.1M). The scan rate was lmVs 4

electrode

(b) Current potential curve for the oxidation of 20mM 
dimethyl amino ethyl ferrocene at the modified electrode.

solution.

Note that the steady-state voltammogram for the oxidation 
of the ferrocene (b) is superimposed on the cyclic volta­
mmogram of the modified electrode and commences at the onset

potential for the oxidation reaction is very close to the 
peak oxidation potential of the surface layer. This suggests 
that the oxidation of dimethyl amino ethyl ferrocene is 
mediated by the redox groups present in the layer.
Under these conditions the sequence of redox reactions 
occurring at the modified electrode can be represented as;

The electrolyte was NaCIO (0.1M) and the scan rate was 
- 1  4lmVs . This experiment was carried out in a stirred

4_potential for Fe(CN) oxidation. Furthermore, the half-wave
6

F e (C p )2

Fe(Cp)2+

r s i e i n -------- V M e t a l .

F e t C N ) ^ '
6
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Fig 9.9. cont*d
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Logarithmic analysis of the oxidation wave (b) 
corresponding to the reaction of dimethyl amino
ethyl ferrocene at the Ni/Fe(CN)4-/3- electrode.

The intercept on the x-axis gives the half wave 
potential, ® x / 2  f 0 ^  tlle Polaro9raPkic vaye*
The value obtained is 360mV vs SCE. This value 
is very close to the peak oxidation potential 
of the modified nickel electrode which is 
380mV vs SCE.
(Note, the data presented above has been corrected 
for any charging contribution.)
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two observations are suggestive of the fact that the
oxidation of the solution ferrocene is mediated by the

4-/3-surface groups of the Ni/Fe(CN), electrode. UnderD
these conditions the electron transfer mechanism taking 
place at the modified electrode can be represented as;

Fe(Cp)2 ^  Fe(CN)63'

F e (C p )> ^ *  F e (C N f
/ 6 ;

In order to further investigate the oxidation reaction 
I measured the steady state current at the modified electrode. 
Because of the above observations the potential was set at 
+380mV vs SCE, the value corresponding to the peak oxidation 
potential of the surface immobilized film of the modified 
nickel electrode.

Fig. 9.10 shows the variation in the current as a function
of the amount of dimethyl amino ethyl ferrocene. The results
show that the current is linearly proportional to the amount
of the ferrocene only at low concentrations. At the higher

°/concentrations the current becomes independent the amount 
of dimethyl amino ethyl ferrocene and eventually reaches a 
plateau.

The hyperbolic nature of the curve can be explained 
by a model involving saturation of the surface, in fact, a 
model analagous to the Michaelis-Menten treatment of enzyme 
catalysed reactions. In the electro chemical model it is 
assumed that, prior to electron transfer, the solution 
species must bind to the surface redox couples of the 
modified electrode. It follows that it is only this complex 
which undergoes the electrochemical reaction, releasing the 
oxidized species into the solution and regenerating the vacant
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Fe{Cp) R Concentration(mM).

Fig 9.10. Variation in current as a function of the 
amount of dimethyl-amino-ethyl-ferrocene present in the 
electrochemical cell.
The electrolyte was 0.1M sodium phosphate pH 7.0.
The modified nickel electrode was potentiostatted at 
+t»380mV vs SCE.
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binding site. The oxidized binding site is then regenerated 
as the electron is passed to the underlying metal electrode. 
A schematic diagram showing this sequence of reactions is 
presented in fig. 9.11.

Proposed model for the oxidation of Fe(Cp)^R at the
4-/3-

Ni/Fe(CN), modified electrode.
(./ j  x u v

Fe(Cp).

[ Bulk]

3-
■ *»Fe(Cp)2+ Fe(CN)6 —

[Surface] [Surface redox couple]

FelCp^. F e l C N t ^
[Ox] [Red]

ki I 5- 
==^: Fe(CN)-Fe(Cp). 
k? 6 /L [Surface complex]

k.

FelCNhRCpl

[Charge1 transfer]

Under these conditions, the flux of current, j, is given by 

j= k3[Fe(CN^Fe(Cp^] = ^(I-GJN. (equnl)

where N =T[Fe(CN)|“] + [Fe (C N f• Fe(Cp)2J]

= ►  [ Fe(CN)3’ ] = Nft (O«0=$1)
Surface

[Fe(CN)»Fe{Cp) ] = (1-0] N.6 2

d[(l- 0) n ] = k[Fe(Cp)jN0 -d y ty O -O jW

dt [Surface]

continued overleaf.



applying the steady state approximation,

d[(1-0)N] = Q 

dt

Solving for 6,

0 - k?* k 3__________
K,[Fe(CFiJo + k + k 3

1 - 0
^ [ F e t C p ^  

^[FefCp^ + kj* k3

but j=k3(1-0)N

i.e. j= k| kjM[Fe(Cp)2^ (equn2) 

deviding equation 2 by

- K,N[FelCplJ. (equn3)

The analogies between this model and that proposed 
for enzyme catalysed reactions can be further high­
lighted as follws.
k in equation three is analogous to k • o cat
N, the total number of binding sites is equivalent
to Q Q  the total enzyme concentration,
k + k_2____ 3_ is analogous to the Michaelis constant
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Fig 3.11.

_ .*. ..3- (1) Surface binding.

* £ *  v V .

metal

\  \

(3) Electron

hopping

Fe(CNf- Fe(Cp)
(Ox) 6 (Red)

I k3 (2) Charge transfer.

Fe(CNf'- Fe(Cp)
6 2 

(Red) (Ox)

Ur~ •
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k  ̂= binding constant.

k^= d issociation  constant.

k^= kinetic co n sta n t

k = d iffusion  con stan t

Proposed kinetic model for the oxidation of the
ferrocene at the Ni/Fe(CN)^ ^  modified electrode.o

e = an electron, Fe(Cp) = the ferrocene, Fe(CN)^”^ ~  =c. 6
the surface groups present on the modified electrode.

It is important to note, that the diffusion constant,^, 
presented in this model characterises the migration of 
charge through the surface coat of the modified electrode 
and should not be confused with the diffusion constant,^, 
which characterises the movement of the redox couple 
from the bulk solution to the surface of the electrode.
k^, the kinetic constant,characterises the charge transfer 
reaction, i.e. the transfer of charge from the solution 
species to the surface immobilized redox couple.
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F i g  9 . 1 1 .  c o n t * d .
T h e  t h e o r e t i c a l  b a s i s  f o r  t h e  m o d e l  p r e s e n t e d  a b o v e ,  a s  
w e l l  a s  t h a t  o f  t h e  k i n e t i c  d e s c r i p t i o n  p r e s e n t e d  i n  t h e  
t e x t ,  i s  a n a l o g o u s  t o  t h e  B r i g g s  a n d  H a l d a n e  t r e a t m e n t  o f  
e n z y m e  c a t a l y z e d  r e a c t i o n s  ( B r i g g s ,  G . E .  a n d  H a l d a n e ,  J . B . S .  
( 1 9 2 5 )  ) •  A s  s u c h ,  t h e  a s s u m p t i o n s  a r e  s i m i l a r ,  i . e .  a  s t e a d y  
s t a t e  i s  a s s u m e d  s u c h  t h a t  t h e  c o n c e n t r a t i o n s  o f  t h e  n u m b e r  
o f  b i n d i n g  s i t e s  a n d  c o m p l e x e d  b i n d i n g  s i t e s  r e m a i n  e f f e c t i v e l y  
c o n s t a n t  o v e r  t h e  e x p e r i m e n t a l  t i m e  s c a l e .  A s  w i t h  e n z y m e  
c a t a l y z e d  r e a c t i o n s ,  t h e  s t e a d y  s t a t e  a s s u m p t i o n  r e q u i r e s  
t h a t  t h e  r a t e  o f  c o m p l e x  f o r m a t i o n  s h o u l d  e q u a l  i t s  r a t e  o f  
b r e a k d o w n  i n  a n y  d i r e c t i o n .
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T h e  i m p l i c a t i o n  o f  e q u a t i o n  3  i s  t h a t  t h e  c u r r e n t  

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

i )  t h e  r a t e  o f  e l e c t r o n  t r a n s f e r .
i i )  t h e  t o t a l  n u m b e r  o f  a v a i l a b l e  " b i n d i n g  s i t e s " ,  N .

T h i s  i n  t u r n  c a n  b e  d e p e n d e n t  u p o n  t h e  t h i c k n e s s  o f  t h e  f i l m ,
i . e .  t h e  c o n c e n t r a t i o n  o f  s u r f a c e  b o u n d  e l e c t r o a c t i v e  m a t e r i a l ,
a n d  a l s o  t h e  r a t e  a t  w h i c h  t h e  e l e c t r o n  i s  t r a n s f e r r e d  f r o m
t h e  r e d u c e d  s u r f a c e  r e d o x  c o u p l e  t o  t h e  b a s e  n i c k e l  e l e c t r o d e  k ^ .

i i i )  t h e  c o n c e n t r a t i o n  o f  e l e c t r o a c t i v e  s p e c i e s  a t  t h e
s u r f a c e  o f  t h e  e l e c t r o d e .  [ A ] Q . T h i s  i s  n o t  a l t o g e t h e r  a
t r i v i a l  s t a t e m e n t  s i n c e  i t  f o l l o w s  t h a t  c h a r g e d  s o l u t i o n  c o u p l e s
c a n  b e  e l e c t r o s t a t i c a l l y  r e p u l s e d  f r o m  a  s u r f a c e  w h i c h  c a r r i e s
t h e  s a m e  n e t  c h a r g e .  N o t e  t h a t  t h e  r a t e  l i m i t i n g  s t e p  i n  t h e

4 - / 3 -e l e c t r o c h e m i c a l  o x i d a t i o n  a t  t h e  N i / F e ( C N ) g  m o d i f i e d
e l e c t r o d e  c a n  e i t h e r  b e  k i n e t i c ,  i . e .  t h e  r a t e  o f  e l e c t r o n  
t r a n s f e r  f r o m  t h e  s o l u t i o n  c o u p l e  t o  t h e  s u r f a c e  b o u n d  r e d o x  
m a t e r i a l ,  o r  t r a n s p o r t  l i m i t i n g ,  i . e .  s l u g g i s h  e l e c t r o n  
t r a n s p o r t  t h r o u g h  t h e  s u r f a c e  f i l m .  F u r t h e r  e x p e r i m e n t s ,  
e . g .  w i t h  r o t a t i n g  d i s c  a p p a r a t u s ,  m u s t  b e  c a r r i e d  o u t  t o  
e s t a b l i s h  w h i c h  i s  t h e  c a s e .

N e x t  I  l o o k e d  a t  t h e  e l e c t r o c h e m i c a l  o x i d a t i o n  o f  o t h e r  
f e r r o c e n e  d e r i v a t i v e s  a t  t h e  m o d i f i e d  n i c k e l  e l e c t r o d e .
B e a r i n g  i n  m i n d  t h e  i m p o r t a n c e  o f  c h a r g e  a s  e x p l a i n e d  a b o v e ,
I  u s e d  t r i m e t h y l - a m i n o - e t h y l  f e r r o c e n e ,  a  p o s i t i v e l y  c h a r g e d  
s p e c i e s  p r e p a r e d  a s  d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s ,  a n d  
f e r r o c e n e  c a r b o x y l i c  a c i d ,  a  n e g a t i v e l y  c h a r g e d  f e r r o c e n e .
T h e  r e s u l t s  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  a r e  p r e s e n t e d  i n  
f i g .  9 . 1 2 .  C l e a r l y ,  f o r  e q u i v a l e n t  a m o u n t s  o f  m a t e r i a l ,  
s m a l l e r  currents were observed for the oxidation of ferrocene 
carboxylyic acid than for the other two compounds. This can
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o = ( C H 2 )2 N ( C H 3 )3 

x= C 0 0 ~
F i g  9 * 1 2 .  S t e a d y  s t a t e  c u r r e n t  r e s p o n s e  a s  a  f u n c t i o n  o f  
t h e  c o n c e n t r a t i o n  o f  d i f f e r e n t  f e r r o c e n e s  p r e s e n t  i n  t h e  
e l e c t r o c h e m i c a l  c e l l .
N o t e  t h e  l o w  c u r r e n t s  o b s e r v e d  f o r  t h e  o x i d a t i o n  o f

4 - / 3 —f e r r o c e n e  c a r b o x y l i c  a c i d  a t  t h e  N i / F e ( C N ) g  ' m o d i f i e d
e l e c t r o d e .
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b e  e x p l a i n e d  i n  t h e  l i g h t  o f  t h e  m o d e l  p r e s e n t e d  a b o v e ,  
a n d  b y  r e f e r e n c e  t o  t h e  c o m p o s i t i o n  o f  t h e  s u r f a c e  b o u n d  
f i l m .  I t  i s  r e a s o n a b l e  t o  a s s u m e  t h a t  s u c h  a  s u r f a c e  w o u l d  
p r e s e n t  a  n e g a t i v e  c h a r g e  t o  s o l u t i o n  s p e c i e s .  C o n s e q u e n t l y ,  
t h e r e  w o u l d  b e  a n  e l e c t r o s t a t i c  r e p u l s i o n  b e t w e e n  i t  a n d  t h e  
f e r r o c e n e  c a r b o x y l i c  a c i d  w h i c h  w o u l d  r e s u l t  i n  a  d e c r e a s e  
i n  t h e  e f f e c t i v e  c o n c e n t r a t i o n  o f  t h e  s p e c i e s  a t  t h e  s u r f a c e  
o f  t h e  e l e c t r o d e ,  a  s m a l l e r  [ A ] q  t e r m  i n  e q u a t i o n  3 .  F u r t h e r ­
m o r e ,  t h e  e f f e c t s  o f  t h e  e l e c t r o s t a t i c  r e p u l s i o n  m a y  r e s u l t  
i n  a  l e s s  f a v o u r a b l e  i n t e r a c t i o n  b e t w e e n  t h e  s o l u t i o n  c o u p l e  
a n d  t h e  b i n d i n g  s i t e s  o n  t h e  e l e c t r o d e ,  i . e .  > >  k ^ . B o t h  
i n s t a n c e s  w o u l d  r e s u l t  i n  s m a l l e r  c u r r e n t s .

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

B y  i n s p e c t i o n  i t  c a n  b e  s e e n  t h a t  f e r r o c e n e  c a r b o x y l i c  a c i d  
i s  t h e  m o r e  p o w e r f u l  r e d u c i n g  a g e n t .  I t  f o l l o w s  t h a t  f r o m  a  
p u r e l y  e n e r g e t i c  s t a n d p o i n t  t h e  k i n e t i c s  f o r  t h e  o x i d a t i o n  o f  
f e r r o c e n e  c a r b o x y l i c  a c i d  a t  t h e  m o d i f i e d  e l e c t r o d e  w o u l d  b e  
m o r e  f a v o u r a b l e .  T h e  l e a s t  f a v o u r a b l e  s h o u l d  b e  f o r  t h e  
o x i d a t i o n  o f  t r i m e t h y l - a m i n o - e t h y l  f e r r o c e n e .

U s i n g  s i m i l a r  l i n e s  o f  t h o u g h t  i t  i s  p o s s i b l e  t o  r u l e  
o u t  a n y  s t e r i c  e f f e c t s  a s  b e i n g  t h e  c a u s e  o f  t h e  r e d u c e d  
c u r r e n t s .  S i m p l y  b y  i n s p e c t i o n  i t  f o l l o w s  t h a t  i )  h a s  t h e  
l e a s t  b u l k y  s i d e  g r o u p i n g  a n d  t h e r e f o r e ,  f r o m  a  p u r e l y  s t e r i c  
s t a n d p o i n t ,  s h o u l d  give rise to the m o s t  f a v o u r a b l e  s u r f a c e

Fe(Cp) * C O O H
2 E 1/2 = 2 7 5 m V  v s  S C E
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b i n d i n g .
M e d i a t e d  e l e c t r o n  t r a n s f e r  f r o m  g l u c o s e  o x i d a s e  t o  t h e  
m o d i f i e d  e l e c t r o d e

T h e  s t a g e  w a s  n o w  s e t  t o  s e e  i f  m e d i a t e d  e l e c t r o n  f l o w
i n  t h e  p r e s e n c e  o f  t h e  f e r r i c i n i u m  i o n  c o u l d  b e  o b s e r v e d

4 - / 3 -f r o m  r e d u c e d  g l u c o s e  o x i d a s e  t o  t h e  N i / F e ( C N ) ,  m o d i f i e do
e l e c t r o d e .  F r o m  t h e  r e s u l t s  p r e s e n t e d  a b o v e  i t  w a s  e v i d e n t  
t h a t  f e r r o c e n e  c a r b o x y l i c  a c i d  w a s  n o t  a  s u i t a b l e  c h o i c e  a s  
m e d i a t o r  i n  t h i s  r e a c t i o n .

F i g .  9 . 1 3 ( a )  s h o w s  t h e  D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  
m o d i f i e d  n i c k e l  e l e c t r o d e  w i t h  o n l y  d i m e t h y l - a m i n o - e t h y l  
f e r r o c e n e  a n d  g l u c o s e  p r e s e n t  i n  t h e  e l e c t r o c h e m i c a l  c e l l .
U p o n  a d d i t i o n  o f  g l u c o s e  o x i d a s e ,  a  s t r i k i n g  c h a n g e  o c c u r s  
i n  t h e  D . C .  v o l t a m m o g r a m ,  f i g .  9 . 1 3 ( b ) .  N o  a n o d i c  o r  c a t h o d i c  
p e a k s  a r e  o b s e r v e d ,  a n d  a  l a r g e  c a t a l y t i c  c u r r e n t  f l o w s  a t  
o x i d i z i n g  p o t e n t i a l s .  T h i s  b e h a v i o u r  i s  p a r t i c u l a r l y  a p p a r e n t  
a t  t h e  s l o w e r  s c a n  s p e e d s  a n d  i s  i n d i c a t i v e  o f  t h e  r e g e n e r a t i o n  
o f  t h e  f e r r o c e n e  f r o m  t h e  c o r r e s p o n d i n g  f e r r i c i n i u m  i o n  b y  
g l u c o s e  o x i d a s e  i n  t h e  r e d u c e d  f o r m .  ( C a s s ,  A . G .  e t  a l  ( 1 9 8 4 ) ) .  
T h e  s e q u e n c e  o f  r e d o x  r e a c t i o n s  o c c u r r i n g  i n  t h e  e l e c t r o c h e m i c a l  
c e l l  c a n  b e  r e p r e s e n t e d  a s ;

glucose ^  FAD 2 Fe(Cp)2 ^  2 FetCNlf — J^ M e ta l.

gluconolactone •4^ *F A D H  2 Fe(Cp)+v V 2 F e (C N )<’' <2 2 6 - i
The effects o n  the steady state current o f  varying the 

concentrations of glucose oxidase present in the cell are 

summarized in fig. 9.14. The loss of linearity at the high 

enzyme concentrations (> 150 ng/ml) is indicative that the 
reaction has become rate limiting. If further aliquots of 

both ferrocene and glucose are added to the cell after the 
plateau region has been reached there is no observable increase
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( a )  D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  m o d i f i e d  n i c k e l  
e l e c t r o d e  i n  t h e  p r e s e n c e  o f  d i m e t h y l  a m i n o  e t h y l  
f e r r o c e n e  ( 0 * 5 m M )  a n d  D - g l u c o s e  ( l O O m M ) .  T h e  s c a n  
r a t e  w a s  5 m V s  \
( b )  A s  f o r  ( a ) ,  b u t  w i t h  t h e  a d d i t i o n  o f  g l u c o s e  

o x i d a s e  ( l O ^ M ) .
T h e  s u p p o r t i n g  e l e c t r o l y t e  w a s  N a H ^ P O ^  ( 0 . 1 M )  p H  7 .  
T h e  e x p e r i m e n t  w a s  p e r f o r m e d  i n  a  q u i e s c e n t  s o l u t i o n .
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f  * ^ o o se c -1 1 = Addition of glucose
V and Ferrocene.

I. I f iA)

Concentration of god. (/xM).

F i g  9 . 1 4 *  V a r i a t i o n  i n  t h e  s t e a d y  s t a t e  c u r r e n t  a s  a  
f u n c t i o n  o f  i n c r e a s i n g  a m o u n t s  o f  g l u c o s e  o x i d a s e  p r e s e n t  
i n  t h e  e l e c t r o c h e m i c a l  c e l l .
T h e  e l e c t r o l y t e  w a s  0 . 1 M  s o d i u m  p h o s p h a t e  p H  7 . 0 .
T h e  m o d i f i e d  n i c k e l  e l e c t r o d e  w a s  p o t e n t i o s t a t t e d  a t  
+ 3 8 0 m V  v s  S C E .
N o t e  t h e  h y p e r b o l i c  n a t u r e  o f  t h e  c u r r e n t  r e s p o n s e  c u r v e .  
N o t e  a l s o ,  t h a t  a d d i t i o n s  o f  f u r t h e r  a l i q u o t s  o f  g l u c o s e  
a n d  f e r r o c e n e ,  a r r o w e d ,  d o e s  n o t  c a u s e  a n y  i n c r e a s e  i n  
i s s  s u g g e s t i n g  t h a t  b o t h  s p e c i e s  a r e  n o t  p r e s e n t  i n  r a t e  
l i m i t i n g  a m o u n t s .
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i n  t h e  o b s e r v e d  c u r r e n t . T h i s  i n d i c a t e s  t h a t  t h e  f e r r o c e n e  
a n d  g l u c o s e  a r e  b o t h  p r e s e n t  i n  n o n  r a t e  l i m i t i n g  e x c e s s  
a n d  s u g g e s t s  t h a t  t h e  s l o w  s t e p  i n  t h e  o v e r a l l  r e a c t i o n  i s  
a t t r i b u t a b l e  t o  t h e  m o d i f i e d  e l e c t r o d e .  T h i s  o b s e r v a t i o n  
c a n  a g a i n  b e  e x p l a i n e d  u s i n g  t h e  s a t u r a t i o n  m o d e l  b y  
s u g g e s t i n g  t h a t  a t  h i g h  e n z y m e  c o n c e n t r a t i o n s  t h e  r o l e  o f  
t h e  e n z y m e  c a t a l y s e d  r e a c t i o n  i s  f a s t e r  t h a n  t h e  e l e c t r o ­
c h e m i c a l  r e a c t i o n  p e r f o r m e d  b y  m o d i f i e d  e l e c t r o d e  a n d  
c o n s e q u e n t l y  b e c o m e s  r a t e  l i m i t i n g .  N o t e  t h a t  t h i s  i m p l i e s  
t h a t  n o  m a t t e r  h o w  m u c h  e n z y m e  i s  p r e s e n t  i n  t h e  c e l l ,  t h e  
o v e r a l l  k i n e t i c s  o f  t h e  r e a c t i o n  a r e  c o n t r o l l e d  b y  t h e  
k i n e t i c s  o f  t h e  m o d i f i e d  e l e c t r o d e .  T h e  a n a l y t i c a l  i m p l i ­
c a t i o n s  o f  t h i s  a r e  t h a t ,  a s s u m i n g  a  h i g h  e n z y m e  l o a d i n g ,  
t h e  r e a c t i o n  c a n  b e  m a d e  i n d e p e n d e n t  o f  f a c t o r s  s u c h  a s  
l o s s  o f  e n z y m i c  a c t i v i t y  f r o m  t h e  c e l l .

R e s u l t s  s i m i l a r  t o  t h o s e  p r e s e n t e d  i n  f i g .  9 . 1 3  s h o w e d  
t h a t  t r i m e t h y l - a m i n o - e t h y l  f e r r o c e n e  c o u l d  a l s o  a c t  a s  a  g o o d  
m e d i a t o r  o f  r e d u c e d  g l u c o s e  o x i d a s e .
S t a b i l i t y  o f  t h e  s u r f a c e  f i l m  u n d e r  c o n d i t i o n s  o f  a n o d i c  
p o t e n t i o s t a t t i n g

H a v i n g  e s t a b l i s h e d  m e d i a t e d  e l e c t r o n  f l o w  f r o m  r e d u c e d
4 - / 3 -g l u c o s e  o x i d a s e  t o  t h e  N i / F e ( C N ) ,  m o d i f i e d  e l e c t r o d e ,D

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

i) Corrosion of the base material. This would be 

important if there are gaps in the surface film, although it
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w o u l d  n o t  r e p r e s e n t  t o o  s e r i o u s  a  p r o b l e m  w i t h  n i c k e l  s i n c e  
a n y  c o r r o s i o n  w o u l d  l e a d  t o  t h e  f o r m a t i o n  o f  a  p r o t e c t i v e  
o x i d e .

i i )  R e a c t i o n  o f  t h e  " i m m o b i l i s a t i o n "  b o n d s ,  l e a d i n g  t o  
l o s s  o f  m a t e r i a l .

i i i )  R e a c t i o n  o f  t h e  n o n - r e s t i n g  s u r f a c e  m a t e r i a l  ( i . e .  
t h e  o x i d i z e d  f o r m  o f  t h e  s u r f a c e  c o u p l e )  w i t h  s p e c i e s  o t h e r  
t h a n  t h e  o n e  o f  i n t e r e s t .

i v )  B e c a u s e  t h e  p o t e n t i a l  i s  c y c l e d ,  i t  i s  p o s s i b l e  t h a t  
m a t e r i a l  t h a t  i s  s o l u b i l i z e d  i n ,  s a y ,  t h e  f o r w a r d  s w e e p  c a n  b e  
r e d e p o s i t e d  i n  t h e  r e t u r n  s w e e p  a n d  t h e r e f o r e  g i v e  a n  i n c o r r e c t  
i n d i c a t i o n  o f  t h e  s t a b i l i t y  o f  t h e  s u r f a c e  b o u n d  f i l m .

S u c h  p h e n o m e n a  a s  t h e s e  w o u l d  b e  d i f f i c u l t  t o  o b s e r v e  
s i m p l y  b y  c y c l i c  v o l t a m m e t r y  t e c h n i q u e s  b e c a u s e  o f  t h e  r a p i d  
p o t e n t i a l  f l u c t u a t i o n s  i n v o l v e d .  T h i s  i l l u s t r a t e s  t h e  
i n a d e q u a c y  o f  c h a r a c t e r i z i n g  e l e c t r o d e  s t a b i l i t y  s i m p l y  b y  
s t a t i n g  t h e  n u m b e r  o f  u s e a b l e  c y c l e s .  M u r r a y  h i g h l i g h t s  t h i s  
p o i n t  w i t h  r e f e r e n c e  t o  t h e  d e c a y  i n  t h e  c y c l i c  w a v e  o f  a  
f e r r o c e n e  m o d i f i e d  p l a t i n u m  e l e c t r o d e .  I n  t h i s  c a s e ,  t h e  
d e c r e a s e  i n  t h e  p e a k  c u r r e n t s  w a s  a t t r i b u t e d  t o  t h e  i n s t a b i l i t y  
o f  t h e  f e r r i c i n i u m  s p e c i e s  i t s e l f ,  w h i c h  w a s  g e n e r a t e d  b y  m a i n ­
t a i n i n g  a n  a n o d i c  p o t e n t i a l . f  H  U A . A  B ' t j  R - W .  1 ^ 8 0  )

F i g .  9 . 1 5  s h o w s  t w o  c y c l i c  v o l t a m m e t r i c  w a v e s  o b t a i n e d  
4-/3-f r o m  t h e  N i / F e ( C N ) ,  e l e c t r o d e  b e f o r e  a n d  “a f t e r  c o n t i n u o u sD

p o t e n t i o s t a t t i n g  at +380mV vs SCE f o r  3 h o u r s  i n  t h e  p r e s e n c e  
of 50mM dimethyl-amino-ethyl ferrocene. By c a l c u l a t i n g  t h e  
area under the anodic (or cathodic) peaks in b o t h  a  and b ,  it 

can be shown that, following the experiment, there is a loss 
of less than 10% of the surface bound electroactive material 

from the modified electrode. Although even this slight loss 
is annoying, in so far as it would lead to irreproducible
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F i g  9 . 1 5 .
( a )  D . C .  c y c l i c  v o l t a m m o g r a m  o f  a  f r e s h l y  p r e p a r e d  

m o d i f i e d  n i c k e l  e l e c t r o d e .
( b )  D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  s a m e  e l e c t r o d e  
a f t e r  h a v i n g  b e e n  u s e d  c o n t i n u o u s l y  f o r  t h e  o x i d a t i o n  
o f  s o l u t i o n  f e r r o c e n e .  T h e  e l e c t r o d e  w a s  p o t e n t i o s t a t e d  
a n o d i c a l l y  a t  3 8 0 m V  v s  S C E .
I n  b o t h  ( a )  a n d  ( b )  t h e  e l e c t r o l y t e  w a s  N a H 2 P O ^  ( 0 . 1 M )  
p H  7 .  T h e  p o t e n t i a l  w a s  s w e p t  a t  l O O m V s  1 . E a c h  c y c l i c  
v o l t a m m o g r a m  r e p r e s e n t s  2 0  s c a n s .
T h e  d e c r e a s e  i n  t h e  p e a k  c u r r e n t  r e c o r d e d  i n  ( b )  c o r r e s p o n d s  
t o  a  l o s s  o f  l e s s  t h a n  1 0 %  o f  t h e  s u r f a c e  m a t e r i a l .
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r e s u l t s ,  i t  m u s t  b e  p o i n t e d  o u t  t h a t  i t  d o e s  r e p r e s e n t  t h r e e  
h o u r s  c o n t i n u o u s  u s a g e  i n  a  s t i r r e d  s o l u t i o n .  I t  m u s t  
t h e r e f o r e  b e  r e c o m m e n d e d  t h a t ,  f o r  p r a c t i c a l  u s e s ,  t h e  
e l e c t r o d e  s h o u l d  b e  h e l d  a t  t h e  a n o d i c  p o t e n t i a l  o n l y  f o r  
a s  l o n g  a s  i t  t a k e s  t o  m a k e  t h e  s t e a d y  s t a t e  r e a d i n g  a n d  
t h e n  b e  r e t u r n e d  t o  t h e  r e s t i n g  s t a t e .  T h i s  s i m p l e  p r e c a u t i o n  
s h o u l d ,  a t  l e a s t  i n  t h e o r y ,  i n c r e a s e  t h e  l i f e  t i m e  a n d  h e n c e  
u s e f u l n e s s  o f  t h e  s u r f a c e  f i l m .

T h e  r e a s o n s  f o r  t h e  l o s s  o f  m a t e r i a l  a r e  u n c l e a r  a t
t h i s  s t a g e  a n d  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .

4 - / 3 -F e ( C N ) ^  m o d i f i e d  p o r o u s  n i c k e l  e l e c t r o d e s
R e t u r n i n g  t o  t h e  o r i g i n a l  a i m  o f  t h i s  i n v e s t i g a t i o n ,  i t  

w a s  n o w  p e r t i n e n t  t o  s e e  i f  s i m i l a r  r e s u l t s  c o u l d  b e  o b t a i n e d  
u s i n g  a  p o r o u s  n i c k e l  e l e c t r o d e .  T h e s e  e l e c t r o d e s  w e r e  c o n ­
s t r u c t e d  a s  o u t l i n e d  i n  M a t e r i a l s  a n d  M e t h o d s .

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

I t  w a s  n o t e d  t h a t  f o r  i d e a l  o p e r a t i o n  c a r e  h a d  t o  b e  
t a k e n  t o  c o m p l e t e l y  f l o o d  t h e  p o r e s  o f  t h e  e l e c t r o d e ,  t h u s  
e n s u r i n g  t h a t  no air pockets remained. T h i s  w a s  s i m p l y  
achieved b y  dripping electrolyte onto the s u r f a c e  o f  t h e  
electrode and allowing the solution to s o a k  i n t o  t h e  
internal matrix of the electrode. Once "wetted", t h e  electrode 

was ready for use.
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F i g .  9 . 1 6  s h o w s  a  t y p i c a l  D . C .  c y c l i c  v o l t a m m o g r a m

4 - / 3 -o b t a i n e d  f r o m  a  F e f C N ) ^  d e r i v i t i z e d  p o r o u s  n i c k e lD
e l e c t r o d e .  T h e  s t r i k i n g  f e a t u r e  o f  t h i s  v o l t a m m o g r a m  i s  
t h e  l a r g e  c u r r e n t s  t h a t  a r e  p a s s e d  d u r i n g  t h e  c y c l i c  
p o t e n t i a l  s w e e p s .  T h i s  i s  s i m p l y  d u e  t o  t h e  l a r g e  s u r f a c e  
a r e a s  i n v o l v e d ,  w h i c h  i n  t u r n  i m p l i e s  t h e  p r e s e n c e  o f  l a r g e  
a m o u n t s  o f  i m m o b i l i z e d  s u r f a c e  m a t e r i a l .  A n a l y s i s  o f  t h e  
w a v e s  r e v e a l s  n o n  i d e a l  b e h a v i o u r .  T h i s  i s  d e m o n s t r a t e d  
b y  t h e  i n c r e a s e  i n  t h e  p e a k  t o  p e a k  s e p a r a t i o n  a s  t h e  s c a n  
r a t e  i n c r e a s e s  a n d  t h e  f a c t  t h a t  t h e  v a l u e  i s  g r e a t e r
t h a n  9 0 m V .  T h e  o c c u r r e n c e  o f  c o m p l e x  w a v e s  i s  e v i d e n t ,  
p a r t i c u l a r l y  a t  t h e  s l o w e r  s w e e p  r a t e s .  T h e  i m p l i c a t i o n  o f  
t h i s  t y p e  o f  o b s e r v a t i o n  h a s  a l r e a d y  b e e n  d i s c u s s e d .  T h e  
r e l a t i o n s h i p  o f  t h e  p e a k  c u r r e n t  t o  t h e  s c a n  r a t e  i s  s h o w n  
i n  f i g .  9 . 1 7 .

T h e  d e r i v i t i z e d  p o r o u s  n i c k e l  e l e c t r o d e  s h o w s  r e m a r k a b l e  
s t a b i l i t y ,  a s  j u d g e d  b y  r e p e t i t i v e l y  s w e e p i n g  t h e  p o t e n t i a l  
f r o m  0  t o  8 0 0 m V  v s  S C E .  T h e  e l e c t r o d e  w a s  a l s o  f o u n d  t o  b e  
s t a b l e  u n d e r  c o n d i t i o n s  o f  o v e r n i g h t  s t o r a g e .

T h e  o x i d a t i o n  o f  d i m e t h y l - a m i n o - e t h y l  f e r r o c e n e  a t  t h e  
p o r o u s  e l e c t r o d e  i s  s h o w n  i n  f i g .  9 . 1 8 .  A s  c a n  b e  s e e n ,  t h e  
s t e a d y  s t a t e  c u r r e n t  i s  n o t  l i n e a r  o v e r  t h e  e n t i r e  c o n c e n t r a t i o n  
r a n g e .  A s  w a s  t h e  c a s e  w i t h  t h e  m o d i f i e d  b u l k  e l e c t r o d e ,  t h e  
r e a c t i o n  b e c o m e s  l i m i t i n g  a t  h i g h  s u b s t r a t e  c o n c e n t r a t i o n .  T h e  
f a c t  t h a t  t h e  p o r o u s  e l e c t r o d e s  g i v e s  a  l i n e a r  r e s p o n s e  o v e r  a  
l a r g e r  c o n c e n t r a t i o n  r a n g e  t h a n  t h e  c o r r e s p o n d i n g  b u l k  e l e c t r o d e  
i s  s i m p l y  d u e  t o  t h e  l a r g e r  s u r f a c e  a r e a ,  a n d  h e n c e  g r e a t e r  
a m o u n t  o f  s u r f a c e  m a t e r i a l ,  a v a i l a b l e  t o  t h e  s o l u t i o n .  A n  
i m p o r t a n t  p o i n t  t o  n o t e  f r o m  t h e  results p r e s e n t e d  i n  f i g .  9 . 1 8  
is the s p e e d  a t  w h i c h  the steady state response is o b t a i n e d .  
Furthermore, in the time scale involved the steady state



184

F i g  9 .16 .
4 - / 3 -D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  p o r o u s  N i / F e ( C N )  

e l e c t r o d e  i n  N a H  P O  ( 0 . 1 K )  p H  7  s h o w i n g  t h e  s c a n  r a t e  
d e p e n d e n c e  o n  t h e  p e a k  c u r r e n t  a n d  t h e  p e a k  t o  p e a k  
s e p a r a t i o n .
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F i g  9 .1 7 .

P l o t  o f  i p e a k v s  s c a n  r a t e  f o r  t h e  N i / F e ( C N ) ^  ^  
m o d i f i e d  p o r o u s  e l e c t r o d e .
L o s s  o f  l i n e a r i t y  a t  s c a n  r a t e s  g r e a t e r  t h a n  2 0 m V s  1  

i s  i n d i c a t i v e  o f  d i f f u s i o n  c o n t r o l l e d  c h a r g e  t r a n s f e r  
i n  t h e  s u r f a c e  p o l y m e r  f i l m .
( N o t e ,  t h e  d a t a  p r e s e n t e d  a b o v e  h a s  b e e n  c o r r e c t e d  
f o r  a n y  c h a r g i n g  c o n t r i b u t i o n s . )
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C o n c e n t r a t i o n  of F e r r o c e n e ( m M ) .

F i g  9 * 1 8 .  V a r i a t i o n  i n  t h e  s t e a d y  s t a t e  c u r r e n t  a s  a  
f u n c t i o n  o f  t h e  a m o u n t  o f  d i m e t h y l - a m i n o - e t h y l  f e r r o c e n e  
p r e s e n t  i n  t h e  e l e c t r o c h e m i c a l  c e l l .
T h e  e l e c t r o l y t e  w a s  0 . 1 M  s o d i u m  p h o s p h a t e  p H  7 * 0 *
T h e  r e c o r d i n g  p o t e n t i a l  w a s  + 3 8 0 m V  v s  S C E .
N o t e  t h a t  e v e n  w i t h  t h e  m o d i f i e d  p o r o u s  e l e c t r o d e ,  t h e  c u r v e  
l o s e s  l i n e a r i t y  a t  t h e  h i g h  f e r r o c e n e  c o n c e n t r a t i o n s .
T h e  l a r g e  currents o b s e r v e d  a n d  t h e  i n c r e a s e d  l i n e a r i t y  
a r e  a t t r i b u t a b l e  t o  t h e  l a r g e  s u r f a c e  a r e a  o f  t h e  p o r o u s  
e l e c t r o d e .



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

F i g .  9 . 1 9 ( a )  s h o w s  a  D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  
d e r i v i t i z e d  p o r o u s  e l e c t r o d e  i n  t h e  p r e s e n c e  o f  d i m e t h y l  
a m i n o - e t h y l — f e r r o c e n e  a n d  g l u c o s e .  F i g s .  9 . 1 9 ( b )  a n d  ( c )  
s h o w  t h e  c h a n g e  i n  t h e  v o l t a m m o g r a m  t h a t  r e s u l t s  w h e n  g l u c o s e  
o x i d a s e  i s  a d d e d  t o  t h e  e l e c t r o c h e m i c a l  c e l l .  C l e a r l y  t h e r e  
i s  a  d e f i n i t e  c a t a l y t i c  e n h a n c e m e n t  o f  t h e  c u r r e n t  w h e n  t h e  
e n z y m e  i s  p r e s e n t .  B y  i n s p e c t i o n ,  h o w e v e r ,  i t  c a n  b e  s e e n  
t h a t  b o t h  t h e  a n o d i c ,  a n d ,  t o  a  l e s s e r  e x t e n t ,  t h e  c a t h o d i c  
p e a k s ,  a r e  s t i l l  p r e s e n t .  C o m p a r e  t h i s  r e s u l t  t o  t h e  o n e  
p r e s e n t e d  i n  f i g .  9 . 1 3 ( b ) .  T h e  o d d  s h a p e  o f  t h e  c a t a l y t i c  
w a v e  h a s  b e e n  r a t i o n a l i z e d  b y  s u g g e s t i n g  t h a t  t h e  p o r o u s  
e l e c t r o d e  i s  o x i d i z i n g  t h e  f e r r o c e n e  f a s t e r  t h a n  t h e  t u r n ­
o v e r  r a t e  o f  t h e  e n z y m e .  A s  a  r e s u l t ,  t h e  e f f e c t i v e  
c o n c e n t r a t i o n  o f  o x i d i z a b l e  m a t e r i a l  a t  t h e  e l e c t r o d e  s u r f a c e  
b e c o m e s  d e p l e t e d ,  a n d  h e n c e  a  p e a k  i s  o b s e r v e d .  T h e  s e q u e n c e  
o f  r e d o x  r e a c t i o n s  o c c u r r i n g  i n  t h e  e l e c t r o c h e m i c a l  r e a c t i o n  
a r e  i d e n t i c a l  t o  t h o s e  p r e s e n t e d  e a r l i e r .

F i n a l l y ,  i t  w a s  p e r t i n e n t  t o  c o m p a r e  t h e  r e s p o n s e s  o f  b o t h  
t h e  m o d i f i e d  p o r o u s  a n d  b u l k  n i c k e l  e l e c t r o d e s  t o  v a r i o u s  
c o n c e n t r a t i o n s  o f  g l u c o s e ,  b u t  a t  t h e  s a m e  t i m e  k e e p i n g  t h e  
a m o u n t s  o f  m e d i a t o r  a n d  e n z y m e  p r e s e n t  i n  t h e  e l e c t r o c h e m i c a l  
c e l l  t h e  s a m e .  T h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  s h o w n  i n  
f  i g . 9 . 2 0 .
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F i g  9 . 1 9 .
( a )  D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  m o d i f i e d  p o r o u s  
n i c k e l  e l e c t r o d e  i n  t h e  p r e s e n c e  o f  d i m e t h y l  a m i n o  
e t h y l  f e r r o c e n e  ( 0 . 5 m M )  a n d  D - g l u c o s e  ( l O O m M ) .
T h e  s c a n  r a t e  w a s  5 m V s
( b )  A s  f o r  ( a ) ,  b u t  w i t h  t h e  a d d i t i o n  o f  g l u c o s e  
o x i d a s e  ( l O ^ M ) .
( c )  A s  f o r  ( a ) r b u t  w i t h  t h e  a d d i t i o n  o f  g l u c o s e  
o x i d a s e  ( 2 5 / / M ) .



189

F i g  9 . 1 3 .

( a )  D . C .  c y c l i c  v o l t a m m o g r a m  o f  t h e  m o d i f i e d  n i c k e l  
e l e c t r o d e  i n  t h e  p r e s e n c e  o f  d i m e t h y l  a m i n o  e t h y l  
f e r r o c e n e  ( 0 . 5 m M )  a n d  D - g l u c o s e  ( l O O m M ) .  T h e  s c a n  
r a t e  w a s  5 m V s
( b )  A s  f o r  ( a ) ,  b u t  w i t h  t h e  a d d i t i o n  o f  g l u c o s e
o x i d a s e  ( l O ^ M ) .
T h e  s u p p o r t i n g  e l e c t r o l y t e  w a s  N a H ^ P O ^  ( 0 . 1 M )  p H  7 .
T h e  e x p e r i m e n t  w a s  p e r f o r m e d  i n  a  q u i e s c e n t  s o l u t i o n .  
( T h i s  d i a g r a m  s h o u l d  b e  c o m p a r e d  w i t h  F i g  9 . 1 9 . )
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F i g  9 . 2 0 .  V a r i a t i o n  i n  t h e  s t e a d y  s t a t e  c u r r e n t  a s  a  
f u n c t i o n  o f  i n c r e a s i n g  g l u c o s e  c o n c e n t r a t i o n  o b s e r v e d  
w i t h  t h e  m o d i f i e d  p o r o u s  n i c k e l  e l e c t r o d e .
T h e  e l e c t r o l y t e  w a s  0 * 1 M  s o d i u m  p h o s p h a t e  p H  7 . 0 .
T h e  c o n c e n t r a t i o n  o f  g l u c o s e  o x i d a s e  i n  t h e  e l e c t r o c h e m i c a l  
c e l l  w a s  l O ^ u M .
T h e  c o n c e n t r a t i o n  o f  m e d i a t o r  p r e s e n t  i n  t h e  c e l l  w a s  
I m M .

T h e  r e c o r d i n g  p o t e n t i a l  w a s  + 3 8 0 m V  v s  S C E .
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F i g  9 . 2 0 .  V a r i a t i o n  i n  t h e  s t e a d y  s t a t e  c u r r e n t  a s  a  
f u n c t i o n  o f  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  g l u c o s e  p r e s e n t  
i n  t h e  e l e c t r o c h e m i c a l  c e l l .
T h e  e l e c t r o l y t e  w a s  0 . 1 M  s o d i u m  p h o s p h a t e  p H  7 . 0 .
T h e  c o n c e n t r a t i o n  o f  g l u c o s e  o x i d a s e  i n  t h e  c e l l  
w a s  l O j u M .
T h e  c o n c e n t r a t i o n  o f  m e d i a t o r  p r e s e n t  i n  t h e  c e l l  
w a s  I m M .
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T h e r e  a r e  t w o  i m p o r t a n t  p o i n t s  t o  n o t e  f r o m  t h i s  d a t a *
T h e  f i r s t  o f  t h e s e  i s  t h e  l a r g e  c u r r e n t s  t h a t  a r e  o b s e r v e d  
u n d e r  i d e n t i c a l  c o n d i t i o n s  w i t h  t h e  m o d i f i e d  p o r o u s  e l e c t r o d e .  
T h e s e  l a r g e  c u r r e n t s  c a n  b e  e x p l a i n e d  i n  t e r m s  o f  t h e  l a r g e  
s u r f a c e  a r e a s  a v a i l a b l e  w i t h  t h e  m o d i f i e d  p o r o u s  e l e c t r o d e .  
T h i s  f a c t  c a n  b e  b e t t e r  a p p r e c i a t e d  b y  c o n s i d e r i n g  t h e  
f o l l o w i n g  e q u a t i o n ;

; nFAXVC I 
ss 2KrNm

( A d a p t e d  f r o m  M e l l  a n d  M a l l o y  1 9 7 6 )
w h e r e  i  = s t e a d y - s t a t e  c u r r e n t .  A ^ e f f e c t i v e  e l e c t r o d e  s s
a r e a ,  V = e n z y m e  c o n c e n t r a t i o n ,  C = b u l k  s u b s t r a t e  c o n c e n t r a t i o n ,  
K ^ M i c h a e l i s  c o n s t a n t  a n d  X = a v e r a g e  m e m b r a n e  t h i c k n e s s . { I n  t h e  
a b o v e  e x a m p l e ,  t h i s  t e r m  i s  n o t  a p p l i c a b l e ) .

F r o m  t h e  a b o v e  e q u a t i o n ,  i t  c a n  b e  a p p r e c i a t e d  t h a t  a  l a r g e  
s u r f a c e  a r e a  w o u l d  i n d e e d  g i v e  e n h a n c e d  s t e a d y  s t a t e  c u r r e n t s .
T h e  s e c o n d  p o i n t  t o  n o t e ,  i s  t h a t  i n  b o t h  c a s e s  t h e  K  1 o fm
t h e  e l e c t r o c h e m i c a l  r e a c t i o n s ,  i . e .  t h e  s u b s t r a t e  c o n c e n t r a t e n
w h i c h  g i v e s  1 / 2  i  , i s  i d e n t i c a l  t o  t h a t  o b t a i n e d  u n d e rm a x
n o r m a l  a s s a y  c o n d i t i o n s ,  i . e .  w i t h  a n  o x y g e n  e l e c t r o d e .  T h e  
i m p l i c a t i o n  o f  t h i s ,  i s  t h a t  u n d e r  t h e s e  c o n d i t i o n s ,  i t  i s  
t h e  e n z y m e  c a t a l y s e d  r e a c t i o n  w h i c h  i s  r a t e  l i m i t i n g  a n d  n o t  
t h e  e l e c t r o c h e m i c a l  p r o c e s s .  T h i s  i d e a  i s  i n  a g r e e m e n t  w i t h  
t h e  p r o p o s a l  o f  W i l s o n  a n d  S h u  ( S h u , F . R .  a n d  W i l s o n , G . S .  1 9 7 6 )  
w h o  s u g g e s t e d  t h a t  t h e  K  • c a n  b e  c a l c u l a t e d  b y  a m p e r o m e t r i c  
m e a n s ,  i f  t h e  r e a c t i o n  i s  c a t a l y t i c a l l y  c o n t r o l l e d ,  b y  t h e  
e q u a t i o n ;

1 I V  1

'max *max
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CHAPTER 10

C O N C L U S I O N S  A N D  D I S C U S S I O N  O N  S E C T I O N  I I

T h e  a i m  o f  t h e  e x p e r i m e n t s  d e s c r i b e d  a b o v e  w a s  t o  s e e  
i f  p o r o u s  n i c k e l  c o u l d  b e  u s e d  a s  t h e  b a s e  s e n s o r  a r o u n d  
w h i c h  a n  e n z y m e  e l e c t r o d e  c o u l d  b e  d e s i g n e d .  I n  t h i s  r e s p e c t  
i t  w a s  s h o w n  t h a t  b y  s u i t a b l e  c h e m i c a l  m o d i f i c a t i o n  w i t h  f e r r i -  
c y a n i d e  n i c k e l ,  a  h i t h e r t o  a n o d i c a l l y  u n s t a b l e  m e t a l ,  c o u l d  b e  
t u r n e d  i n t o  a  u s e f u l  e l e c t r o d e  i n  t e r m s  o f  b o t h  i t s  s t a b i l i t y  
a n d  e l e c t r o c h e m i c a l  r e a c t i v i t y .  T h e  p r e s e n c e  o f  a  s u r f a c e  
b o u n d  e l e c t r o a c t i v e  m a t e r i a l  w a s  p r o v e d  u n e q u i v o c a l l y  b y  t h e  
f a c t  t h a t  c y c l i c  v o l t a m m e t r i c  w a v e s  w e r e  o b s e r v e d  w h e n  t h e  
e l e c t r o d e  w a s  p l a c e d  i n t o  a  b a s e  e l e c t r o l y t e  s o l u t i o n  c o n ­
t a i n i n g  n o  a d d e d  r e d o x  c o u p l e .  S u b s e q u e n t l y ,  t e c h n i q u e s  w e r e  
d e v e l o p e d  b y  w h i c h  p o r o u s  n i c k e l  c o u l d  b e  f a s h i o n e d  i n t o  a n  
e l e c t r o d e  a n d  t h e n  b e  d e r i v i t i z e d .

I t  w a s  f o u n d  t h a t  t h e  k i n e t i c  p r o p e r t i e s  o f  t h e  s u r f a c e  
f i l m  w e r e  i n f l u e n c e d  b y  t h e  n a t u r e  o f  t h e  s u p p o r t i n g  s o l u t i o n  
c o u n t e r i o n s .  A n a l y s i s  o f  t h e  c y c l i c  v o l t a m m o g r a m s  o b t a i n e d  
f r o m  t h e  m o d i f i e d  n i c k e l  e l e c t r o d e  s h o w e d  t h a t  t h e  k i n e t i c  
b e h a v i o u r  o f  t h e  s u r f a c e  f i l m  w a s  i n c o n s i s t e n t  w i t h  t h e  i d e a  
o f  n o n  d i f f u s i v e  r e v e r s i b l e  c h a r g e  t r a n s f e r .  I n  f a c t ,  t r a n s ­
p o r t  l i m i t i n g  p r o c e s s e s  w e r e  i n d i c a t e d  a n d  f u r t h e r m o r e ,  i t  
w a s  f o u n d  t h a t  t h e  s u r f a c e  e l e c t r o a c t i v e  l a y e r  d e p o s i t e d  o n  
b o t h  t h e  b u l k  a n d  p o r o u s  n i c k e l  e l e c t r o d e s  w a s  m a d e  u p  o f  
r e d o x  s p e c i e s  w i t h  s l i g h t l y  d i f f e r i n g  values. T h i s  w a s  
explained in terms of the film having been laid down in a non 
homogeneous manner. This could mean that the surface material 
is deposited as a series of overlapping layers or may even 
contain localized areas in which the derivitizing agent has
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a g g r e g a t e d .  C l e a r l y ,  S E M  a n a l y s i s  o f  t h e  s u r f a c e  i s  n e e d e d  
t o  g l e a n  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  s u r f a c e  m o r p h o l o g y  
o f  t h e  e l e c t r o a c t i v e  f i l m .  S u c h  e x p e r i m e n t s ,  h o w e v e r ,  w o u l d  
o n l y  b e  r e a l l y  a p p l i c a b l e  t o  t h e  b u l k  e l e c t r o d e .

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

W i t h  t h e  m o d i f i e d  e l e c t r o d e  m e d i a t e d  e l e c t r o n  t r a n s f e r  
f r o m  r e d u c e d  g l u c o s e  o x i d a s e  t o  t h e  p o r o u s  e l e c t r o d e  w a s  
o b s e r v e d .  T h e  i m p l i c a t i o n  o f  t h i s  i s  t h a t  t h e  p o r o u s  e l e c t r o d e  
c o u l d  b e  u s e d  a s  t h e  b a s e  s e n s o r  i n  a  m e d i a t e d  g l u c o s e  s e n s o r .  
T h e  s i m p l e s t  d e s i g n  w o u l d  i n v o l v e  t r a p p i n g  t h e  e n z y m e  i n  t h e  
p o r e s  o f  t h e  e l e c t r o d e  b e h i n d  a  t h i n  c a t i o n  e x c h a n g e  m e m b r a n e  
a n d  e m p l o y i n g  a  b u l k  e q u i l i b r i u m  a s s a y .  T h e  a m o u n t  o f  g l u c o s e  
p r e s e n t  i n  a n  u n k n o w n  s a m p l e  c o u l d  t h e n  b e  c a l c u l a t e d  f r o m  a  
s t a n d a r d  c u r v e .  A l t h o u g h  t h i s  s y s t e m  w o u l d  w o r k ,  i t  d o e s  
p r e s e n t  a  n u m b e r  o f  t e c h n i c a l  p r o b l e m s ,  t h e  l e a s t  o f  w h i c h  
i s  t h e  n e e d  t o  a d d  m e d i a t o r  t o  t h e  s a m p l e  s o l u t i o n  e v e r y  t i m e  
a  m e a s u r e m e n t  i s  t o  b e  m a d e .  T o  o v e r c o m e  t h i s  p r o b l e m  t h e  
c o m p o u n d  s h o w n  b e l o w  w a s  s y n t h e s i z e d  a s  o u t l i n e d  i n  M a t e r i a l s

The rationale behind this synthesis is as follows. First, 
the ferrocene derivative is attached to the surface of the 
glucose oxidase via the terminal amino group of the hexamethyl 
arm. This could be done by using carbod H A  ide or glutaral- 
dehyde chemistry. In either case a stable covalent linkage

a n d  M e t h o d s  f o r  S e c t i o n  I I .
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w o u l d  r e s u l t .

O n c e  a n c h o r e d  o n t o  t h e  s u r f a c e  o f  t h e  e n z y m e ,  i t  i s  
p r o p o s e d  t h a t  b e c a u s e  o f  t h e  f l e x i b l e  a r m ,  t h e  f e r r o c e n e  
m o i e t y  w i l l  b e  a b l e  t o  f l i p  b e t w e e n  t h e  F A D  b i n d i n g  c a v i t y  
o f  t h e  g l u c o s e  o x i d a s e  a n d  t h e  s u r f a c e  o f  t h e  m o d i f i e d  
e l e c t r o d e .  I n  t h i s  f a s h i o n  t h e  f e r r o c e n e  w i l l  b e  a b l e  t o  
r e o x i d i z e  t h e  r e d u c e d  c o e n z y m e  a n d  t h e n  t r a n s f e r  t h e  c h a r g e  
t o  t h e  e l e c t r o d e .  A  d i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  t h i s  
p r o p o s a l  i s  s h o w n  i n  f i g .  1 0 . 1 .

T h e  a n a l y t i c a l  a d v a n t a g e s  o f  u s i n g  p o r o u s  n i c k e l  w o u l d
b e ;

i )  L a r g e  e n z y m e - f e r r o c e n e  c o m p l e x  l o a d i n g s ,  
i i )  L a r g e  s t e a d y  s t a t e  c u r r e n t s ,  w h i c h  i n  t u r n  m e a n  

i n c r e a s e d  s e n s i t i v i t y ,
i i i )  C h e a p n e s s  o f  m a n u f a c t u r e .

I n  t e r m s  o f  o t h e r  p o s s i b l e  b i o s e n s o r  u s e s ,  i t  w a s  f o u n d  
t h a t  t h e  s u r f a c e  r e d o x  g r o u p s  o f  t h e  m o d i f i e d  e l e c t r o d e  d i d  
n o t  m e d i a t e  t h e  o x i d a t i o n  o f  N A D H .  F o r t u n a t e l y ,  t h i s  d o e s  
n o t  m e a n  t h a t  t h e  e l e c t r o d e  c a n  n o t  b e  u s e d  t o  m o n i t o r  t h e  
r e a c t i o n s  c a t a l y s e d  b y  N A D +  l i n k e d  d e h y d r o g e n a s e s .  T h e  w a y  
a r o u n d  t h i s  p r o b l e m  w o u l d  b e  t o  l i n k  t h e  o x i d a t i o n  o f  N A D H  
t o  t h e  r e d u c t i o n  o f  d i a p h o r a s e ,  a  f l a v i n  c o n t a i n i n g  m i t o ­
c h o n d r i a l  p r e p a r a t i o n  w h i c h  u s e s  m o l e c u l a r  o x y g e n  t o  c a r r y  
o u t  t h e  r e a c t i o n .  I t  h a s  b e e n  s h o w n  ( C a s s ,  A . G . , p e r s .  c o m m u n . )  
t h a t  t h e  f e r r i c i n i u m  i o n  c a n  a c t  as an a l t e r n a t i v e  e l e c t r o n  
s i n k  for reduced diaphorase. It follows from t h i s  t h a t  by 
regenerating the ferricinium ion at the modified electrode 
the reaction catalysed by a particular dehydrogenase can be 
monitored. Furthermore, it would be possible to trap both 
diaphorase and the dehydrogenase in the porous nature of the

e l e e t r o d e .
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I t  i s  e v i d e n t  t h a t  t h i s  w o r k  h a s  o p e n e d  m a n y  a v e n u e s  

o f  p o s s i b l e  i n v e s t i g a t i o n ,  b o t h  i n  t e r m s  o f  u s i n g  t h e  
a d v a n t a g e o u s  p r o p e r t i e s  o f  h i g h  s u r f a c e  a r e a  e l e c t r o d e s  i n  
b i o s e n s o r  d e s i g n s  a n d  l o o k i n g  a t  t h e  c a t a l y t i c  p r o p e r t i e s  
o f  t h e  F e ( C N ) , 5  ^  m o d i f i e d  s u r f a c e .

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

is m o o t h l y  o n  t h e  s u r f a c e  o f  t h e  n i c k e l ,  o r  i s  i t  d e p o s i t e d  i n  
a  " p a t c h y "  f a s h i o n ?  D o  s c r a t c h e s ,  e t c .  a c t  a s  n u c l e a t i o n  
s i t e s  r e s u l t i n g  i n  a g g r e g a t e s ?  S u c h  s t u d i e s  w o u l d  b e  
i m p o r t a n t  i n  d e v e l o p i n g  t e c h n i q u e s  b y  w h i c h  s m o o t h  e v e n  f i l m s  
o f  k n o w n  t h i c k n e s s  c o u l d  b e  d e p o s i t e d  i n  a  r e p r o d u c i b l e  m a n n e r  
o n t o  t h e  s u r f a c e  o f  t h e  e l e c t r o d e .
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N I C K E L
N i c k e l  w a s  f i r s t  i s o l a t e d  i n  1 7 5 1  b y  A x e l  C r o n s t e d t .  

E l e m e n t a l  n i c k e l  i s  a  s t r o n g  d u c t i l e  t h e r m a l l y  c o n d u c t i v e  
s i l v e r y - w h i t e  m e t a l .  I t  i s  f e r r o m a g n e t i c  u n d e r  n o r m a l  
c o n d i t i o n s .  I t  i s  s o l u b l e  i n  d i l u t e  a c i d s ,  g i v i n g  t h e  g r e e n

■f -fa q u o  [ N i f l ^ O j g ]  c a t i o n .  T h e  m e t a l  i s  s o l u b l e  i n  a m m o n i a ,  
i t s  s o l u b i l i t y  b e i n g  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  t h e  
c o m p l e x  i o n  [ N i ( N H ^ ) g ]  . I t  i s  p a s s i v a t e d  b y  o x i d i s i n g  
a g e n t s  s u c h  a s  c o n c e n t r a t e d  n i t r i c  a c i d ,  b u t  i s  n o t  a t t a c k e d  
a t  o r d i n a r y  t e m p e r a t u r e s  b y  m o i s t  a i r .  I t  i s  r e s i s t a n t  t o  
t h e  a c t i o n  o f  s t r o n g  a l k a l i s  a n d  t h e i r  f u s e d  s a l t s .  I t  i s  
h o w e v e r  t a r n i s h e d  i n  c o n t a m i n a t e d  u r b a n  a t m o s p h e r e s  d u e  t o  
t h e  f o r m a t i o n  o f  N i S .  T h e  c o r r o s i o n  r e s i s t a n t  p r o p e r t i e s  o f  
n i c k e l  h a v e  b e e n  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  a  n o n  p o r o u s  
s u r f a c e  o x i d e  c o a t .

N i c k e l  m a k e s  u p  a b o u t  0 . 1 %  o f  t h e  e a r t h ' s  c r u s t ,  
o c c u r r i n g  m a i n l y  a s  t h e  o r e  p e n t l a n i d e ,  ( N i ^ F e J ^ S g .  I t  i s  
m i n e d ,  f o r  t h e  m o s t  p a r t ,  i n  C a n a d a ,  S o u t h  A f r i c a ,  U . S . S . R .  
a n d  F i n l a n d .  I t  i s  w o n  b y  f i r s t  r o a s t i n g  t h e  o r e  w i t h  s i l i c a  
t o  g i v e  a  s u l p h i d e  m e l t ,  o r  m a t t e ,  a n d  t h e n  c o n v e r t e d  t o  t h e  
o x i d e .  T h e  o x i d e  i s  r e d u c e d  w i t h  w a t e r  g a s  a t  3 0 0 ° C  t o  g i v e  
c r u d e  n i c k e l .  R e f i n i n g  i s  a c c o m p l i s h e d  e i t h e r  b y  e l e c t r o ­
d e p o s i t i o n  o r  b y  t r e a t m e n t  w i t h  c a r b o n  m o n o x i d e  a t  5 0 ° C ,  
g i v i n g  t h e  v o l a t i l e  c a r b o n y l ,  N i ( C O ) ^ .  T h i s  i s  d i s t i l l e d  
a n d  p y r o l y s e d  a t  1 5 0 - 1 8 0 ° C ,  y i e l d i n g  n i c k e l  o f  v e r y  h i g h  
purity.

The main industrial uses of nickel are in plating and 
alloying. It is used as both a protective and decorative 
coat, under a much thinner chromium electroplate, on base

APPENDIX I
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m e t a l s  s u c h  a s  b r a s s  a n d  a l s o  o n  d i e c a s t  z i n c  o r  a l u m i n i u m  
a l l o y  c o m p o n e n t s .  T o g e t h e r  w i t h  c h r o m i u m ,  n i c k e l  i s  u s e d  
a s  a n  a d d i t i v e  t o  i r o n  i n  t h e  m a n u f a c t u r e  o f  s t a i n l e s s  
s t e e l .  O t h e r  n i c k e l  a l l o y s  i n c l u d e  c u p r o n i c k e l ,  w h i c h  i s  
u s e d  i n  c o i n a g e ,  n i c h r o m e ,  w h i c h  i s  u s e d  i n  t h e  m a n u f a c t u r e  
o f  e l e c t r i c  h e a t i n g  e l e m e n t s ,  a n d  t h e  n i m o n i c ,  o r  s u p e r  
a l l o y s ,  w h i c h  a r e  u s e d  i n  t h e  m a n u f a c t u r e  o f  e n g i n e  t u r b i n e  
b l a d e s .

N i c k e l ,  e s p e c i a l l y  f i n e l y  d i v i d e d  n i c k e l ,  h a s  t h e  
a b i l i t y  t o  a b s o r b  l a r g e  q u a n t i t i e s  o f  h y d r o g e n  o n t o  i t s  
s u r f a c e ,  a n d  t h e r e f o r e  s p e c i a l  p r e p a r a t i o n s ,  s u c h  a s  R a n e y  
N i c k e l ,  h a v e  f o u n d  a p p l i c a t i o n s  a s  i n d u s t r i a l  c a t a l y s t s  i n  
t h e  h y d r o g e n a t i o n  o f  f a t t y  a c i d s  t o  g i v e  m a r g a r i n e ,  a n d  t h e  
c r a c k i n g  o f  m e t h a n e ,  i n  t h e  p r e s e n c e  o f  s t e a m ,  t o  g i v e
m e t h a n o l .
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C Y C L I C  V O L T A M M E T R Y
I n  c y c l i c  v o l t a m m e t r y  t h e  p o t e n t i a l  o f  a  s t a t i o n a r y  

w o r k i n g  e l e c t r o d e  i s  c h a n g e d  i n  t h e  s a w t o o t h  m a n n e r  s h o w n  
b e l o w  i n  F i g u r e  1 ,  s t a r t i n g  f r o m  a  p o t e n t i a l  w h e r e  n o  
e l e c t r o d e  r e a c t i o n  o c c u r s ,  a n d  m o v i n g  t o  p o t e n t i a l s  w h e r e  
o x i d a t i o n  o r  r e d u c t i o n  o f  t h e  m a t e r i a l  b e i n g  s t u d i e d ,  w h e t h e r  
i n  s o l u t i o n  o r  i m m o b i l i z e d  o n  t h e  e l e c t r o d e  s u r f a c e ,  t a k e s  
p l a c e .  A f t e r  t r a v e r s i n g  t h e  p o t e n t i a l  r e g i o n  i n  w h i c h  o n e  o r  
m o r e  e l e c t r o d e  r e a c t i o n s  t a k e  p l a c e  ( t h e  f o r w a r d  s w e e p ) , t h e  
d i r e c t i o n  o f  t h e  l i n e a r  s w e e p  i s  r e v e r s e d  a n d  t h e  r e a c t i o n s  o f  
t h e  i n t e r m e d i a t e s  a n d  p r o d u c t s ,  f o r m e d  d u r i n g  t h e  f o r w a r d  s c a n ,  
a r e  o f t e n  d e t e c t e d .

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

APPENDIX II

B a s i c  e x p e r i m e n t . ( T h e  r e a c t i o n  o f  s o l u t i o n  s p e c i e s  a t  a n  e l e c t r o d e  
C y c l i c  v o l t a m m e t r y  i s  a  s i m p l e  a n d  d i r e c t  m e t h o d  f o r  

m e a s u r i n g  t h e  h a l f  w a v e  p o t e n t i a l  o f  a  r e d o x  couple w h e n  b o t h  
oxidized and reduced f o r m s  a r e  stable during the time r e q u i r e d  
to obtain the voltammogram (current-potential curve).

Consider the cyclic voltammogram (CV) of C^, Figure 2(A) .
The forward scan commences at the initial potential of -0.75V
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a n d  v e r y  l i t t l e  c u r r e n t  i s  o b t a i n e d  u n t i l  a b o u t  - 1 . 1 5 V ,  w h e r e  
o x y g e n  b e g i n s  t o  b e  r e d u c e d  t o  t h e  p r o d u c t ,  t h e  o x y g e n  r a d i c a l  
a n i o n  o r  s u p e r o x i d e ,  a s  s h o w n  b e l o w .

- _ _ _ k f _ ^  _0 2  +  e  x : — k - - -  0 ^  ( e q u a t i o n  1 )
b

T h e  c u r r e n t  i n c r e a s e s  a s  t h e  r a t e  o f  r e d u c t i o n  i n c r e a s e s  a t  
m o r e  n e g a t i v e  p o t e n t i a l s ,  b u t  e v e n t u a l l y  a  m a x i m u m  i s  r e a c h e d ,  
- 1 . 2 5 V ,  a n d  t h e r e a f t e r  d e c r e a s e s  s t e a d i l y .  T h e  c a t h o d i c  p e a k  
i n  t h e  C V ,  i  , r e s u l t s  f r o m  t h e  c o m p e t i t i o n  o f  t w o  f a c t o r s ,  
t h e  i n c r e a s e  i n  t h e  r a t e  o f  r e d u c t i o n  a s  t h e  p o t e n t i a l  i s  
m a d e  m o r e  n e g a t i v e ,  a n d  t h e  d e v e l o p m e n t  o f  a  t h i c k e n i n g  
d e p l e t i o n  l a y e r  a c r o s s  w h i c h  r e a c t a n t  m u s t  d i f f u s e .  A t  t h e s e  
p o t e n t i a l s  t h e  r e a c t a n t  c o n c e n t r a t i o n  d i s t a n t  f r o m  t h e  e l e c t r o d e  
a n d  t h e  c u r r e n t  i s  c o n t r o l l e d  b y  t h e  f a t e  o f  d i f f u s i o n  o f  
r e a c t a n t  t h r o u g h  t h e  d e p l e t i o n  l a y e r  ( d i f f u s i o n  c o n t r o l l e d  
c u r r e n t ) .

T h e  s c a n  d i r e c t i o n  i s  r e v e r s e d  a t  - 1 . 5 0 V  ( s w i t c h i n g  
p o t e n t i a l )  a n d  t h e  d i f f u s i o n - c o n t r o l l e d  r e d u c t i o n  c u r r e n t  
c o n t i n u e s  u n t i l  a b o u t  - 1 . 2 5 V  w h e r e  n e t  o x i d a t i o n  o f  0 2  b a c k  
t o  C > 2  o c c u r s .  T h e  l a y e r  f r o m  w h i c h  0 2  h a s  b e e n  d e p l e t e d  i s  
a n  a c c u m u l a t i o n  l a y e r  f o r  0 2  a n d  s o m e  o f  t h i s  c a n  d i f f u s e  
b a c k  t o  t h e  e l e c t r o d e  a n d  t h e n  b e  o x i d i z e d .  A n  a n o d i c  p e a k  
i n  t h e  C V ,  i  , i s  o b t a i n e d  f o r  r e a s o n s  a n a l a g o u s  t o  t h o s e  
underlying t h e  c a t h o d i c  p e a k .

The C V  i s  c h a r a c t e r i z e d  b y  s e v e r a l  i m p o r t a n t  p a r a m e t e r s  
(see Fig. 2(A)).

i) The cathodic and anodic peak potentials (E and E ) .pc pa
ii) The cathodic and anodic peak currents (i and i ).pc pa

iii) The cathodic half peak potential.. (E , „) .p/2
iv) The half wave potential. (E,). The definition of E,5 5
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h a s  b e e n  b o r r o w e d  f r o m  c l a s s i c a l  p o l a r o g r a p h y  e x p e r i m e n t s ,  
a c c o r d i n g  t o  t h e  e q u a t i o n  s h o w n  b e l o w .

=  E °  +  ( R T / n F ) I n ( D r / D Q ) ^ . [ T h i s  i m p l i e s
r e v e r s i b i l i t y ]

E °  i s  t h e  f o r m a l  p o t e n t i a l  p e r t a i n i n g  t o  t h e  i o n i c
s t r e n g t h  o f  t h e  s o l u t i o n  u s e d ,  D q  a n d  D  a r e  t h e  d i f f u s i o n
c o e f f i c i e n t s  o f  t h e  o x i d i z e d  a n d  r e d u c e d  f o r m s  a n d  n  t h e  n u m b e r
o f  e l e c t r o n s  i n  t h e  h a l f  r e a c t i o n .  B e c a u s e  D  D  , E ,  i s

O K 5

u s u a l l y  w i t h i n  a  f e w  m V  o f  E °  ( S v a n h o l m ,  U .  a n d  P a r k e r ,  V . D .  
( 1 9 7 5 ) )  .

T h e  r e d u c t i o n  o f  o x y g e n  i s  a n  e x a m p l e  o f  a  r e v e r s i b l e  
r e a c t i o n .  I n  a  r e v e r s i b l e  p r o c e s s  t h e  r a t i o  o f  s u r f a c e  
c o n c e n t r a t i o n s  o f  0  a n d  R  ( C ^  a n d  0 ^ )  a s  c a l c u l a t e d  f r o m  
t h e  N e r n s t  e q u a t i o n  f o r  a  g i v e n  p o t e n t i a l ,  d i f f e r s  i n s i g n i f i ­
c a n t l y  f r o m  t h e  a c t u a l  r a t i o .  I n  o t h e r  w o r d s ,  t h e  e l e c t r o n  
t r a n s f e r  r e a c t i o n  a t  t h e  e l e c t r o d e  i s  s o  r a p i d  t h a t  e q u i l i b r i u m  
c o n d i t i o n s  a r e  m a i n t a i n e d  e v e n  w i t h  a  s u b s t a n t i a l  n e t  c u r r e n t  
a n d  a  r a p i d l y  c h a n g i n g  p o t e n t i a l .  T h e  c r i t e r i a  o f  r e v e r s i b i l i t y
f o r  a  f r e e l y  d i f f u s i n g  s o l u t i o n  s p e c i e s  a r e  E  =  E  - E  = 5 7 / nP  p o .  P ^
m V  ( N i c h o l s o n ,  R . S .  a n d  S h a i n ,  L .  ( 1 9 6 4 ) )  w h i c h  m u s t  b e  
i n d e p e n d e n t  o f  s c a n  r a t e  a n d  c o n c e n t r a t i o n .  F u r t h e r m o r e ,  t h e  
E ^  i s  s i t u a t e d  e x a c t l y  ( w i t h i n  2 / n  m V )  m i d w a y  b e t w e e n  E ^ a  a n d
E  .p c

T h e  r e a c t i o n  o f  o x y g e n  i s  d i f f u s i o n  c o n t r o l l e d .  T h e
c i t e r i o n  f o r  d i f f u s i o n  c o n t r o l  i s  t h a t  i  / v ^  m u s t  b e  ap c
c o n s t a n t  ( v  = sweep rate) (Matsuda, H. and Ayabe, Y. (1955).

A l t h o u g h  reversible behaviour for oxygen reduction is 
observed at 10 0'mV/s, the sweep rate for the reaction in fig.
11.2, the rate constants k̂. and i n e q u a t: i o n 1 a r e £ i n i t e ,



F i g  2 .  C y c l i c  v o l t a m m o g r a m s  a t  a  m e r c u r y  e l e c t r o d e  
i n  a c e t o n i t r i l e .
S c a n  r a t e :  l O O m V / s ,  t e m p e r a t u r e :  2 0 ° C .
R e f e r e n c e  e l e c t r o d e :  A g / O . O I M  A g N O ^ O . l O M  ( 0 2 ^ ) 4 ^ 1 0 4  i n  
a c e t o n i t r i l e .
A .  c y c l i c  v o l t a m m o g r a m  o f  o x y g e n .  ( N o t e ,  a c e t o n i t r i l e  i s  
u s e d  t o  s t a b i l i z e  t h e  o x y g e n  r a d i c a l  anion, t h e  s u p e r o x i d e . )
B .  cyclic voltammogram of the reaction of 2-nitropropane.

(Data adapted from Evans,D.H. et ad.)
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s o  a  h i g h e r  s c a n  r a t e  w i l l  e x i s t ,  a t  w h i c h  t h e  e l e c t r o d e  
r e a c t i o n  w i l l  n o  l o n g e r  b e  a b l e  t o  m a i n t a i n  e q u i l i b r i u m  
c o n d i t i o n s  a s  t h e  p o t e n t i a l  c h a n g e s .  A  r e a c t i o n  i s  s a i d  
t o  b e  q u a s i - r e v e r s i b l e  i f  a n d  k ^  a r e  o f  t h e  s a m e  o r d e r  
o f  m a g n i t u d e  o v e r  m o s t  o f  t h e  p o t e n t i a l  r a n g e  o r  t o t a l l y  
r e v e r s i b l e  i f  ^ ^ ^ k ^  f ° r  t h e  c a t h o d i c  p e a k  o r  k ^ > > k ^  f o r  
t h e  a n o d i c  p e a k .

A n  e x a m p l e  o f  a n  i r r e v e r s i b l e  r e a c t i o n  a t  1 0 0 m V / s  i s  
s h o w n  i n  F i g .  2 ( B )  w h i c h  r e p r e s e n t s  t h e  r e d u c t i o n  o f  
2 - n i t r o p r o p a n e .

^o2
CHjCH-CHj+e

(J02

[CH3 CH-CH3]̂

I r r e v e r s i b i l i t y  m a n i f e s t s  i t s e l f  t h r o u g h  E ^ > 5 7 / n  m V ,  
i n c r e a s i n g  w i t h  i n c r e a s i n g ,  v  ( N i c h o l s o n ,  R . S .  a n d  S h a i n ,  I .  
( 1 9 6 5 ) ) .

C y c l i c  v o l t a m m o g r a m s  f r o m  m o d i f i e d  e l e c t r o d e s
P e a k s  a r e  o b t a i n e d  f r o m  t h e  o x i d a t i o n / r e d u c t i o n  r e a c t i o n s  

o f  s u r f a c e  i m m o b i l i z e d  s p e c i e s  a s  a  r e s u l t  o f  t h e  i n t e r p l a y  
b e t w e e n  a n  i n c r e a s e  i n  t h e  e l e c t r o c h e m c i a l  r a t e  c o n s t a n t  a s  
t h e  p o t e n t i a l  i s  s w e p t  a n d  t h e  d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  
of u n r e a c t e d  r e d o x  c e n t r e s  a s  t h e  r e a c t i o n  p r o c e e d s .  T h e  
m a x i m u m  i n  t h e  c u r r e n t  i s  r e p r e s e n t e d  b y  t h e  p e a k  h e i g h t .
For redox centres that are a n c h o r e d  in a surface film the 
peak height is simply proportional to the sweep rate. (Note, 
not to v as is the case for freely diffusing solution 
species). This is because the total amount of charge required 
to change the oxidation state of the Layer is independent of
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t h e  s w e e p  r a t e .  H e n c e ,  a  l i n e a r  v a r i a t i o n  o f  p e a k  h e i g h t  
a n d  s w e e p  r a t e  i s  d i a g n o s t i c  o f  t h e  r e d o x  s p e c i e s  b e i n g  
a t t a c h e d  t o  t h e  e l e c t r o d e .  T h e  a r e a  o f  t h e  p e a k  g i v e s  t h e  
t o t a l  a m o u n t  o f  c h a r g e  a n d  h e n c e  t h e  n u m b e r  o f  r e d o x  
c e n t r e s .  ( N i c h o l s o n ,  R . S .  a n d  S h a i n ,  I .  ( 1 9 6 4 ) ) .

T h e  s i m p l e  p i c t u r e  a s s u m e s  t h a t  t h e  s w e e p  r a t e  i s  
s l o w  e n o u g h  a n d  t h e  k i n e t i c s  o f  c h a r g e  t r a n s f e r  f a s t  e n o u g h  
f o r  c o m p l e t e  o x i d a t i o n  o r  r e d u c t i o n  i n  e a c h  s w e e p .  I f  t h i s  
i s  n o t  t h e  c a s e  a n d  o n e  h a s  a  f a s t  s w e e p  r a t e  w i t h  s l o w  
k i n e t i c s ,  t h e n  t h e  p e a k  h e i g h t  w i l l  r e v e r t  t o  i t s  n o r m a l  
s q u a r e  r o o t  d e p e n d e n c e  o n  s w e e p  r a t e .  I n f o r m a t i o n  c a n  a l s o  
b e  o b t a i n e d  f r o m  t h e  p o s i t i o n s  o f  t h e  p e a k s  o n  t h e  e l e c t r o d e  
p o t e n t i a l  a x i s .  F o r  a  s i m p l e  o n e - e l e c t r o n  r e d o x  p r o c e s s  
t a k i n g  p l a c e  i n  t h e  c o a t  w i t h  f a s t  k i n e t i c s ,  t h e n  t h e  
p o s i t i o n s  o f  t h e  a n o d i c  a n d  c a t h o d i c  p e a k s  c o i n c i d e .  I f  
t h e  e l e c t r o d e  k i n e t i c s  a r e  s l o w  o r  i f  t h e  s w e e p  r a t e  i s  t o o  
f a s t ,  t h e n  t h e  p o s i t i o n s  o f  t h e  p e a k s  w i l l  s e p a r a t e .  A  
s e r i e s  o f  t h e o r e t i c a l  p a p e r s  b y  L a v i r o n  a n d  c o - w o r k e r s  h a s  
d e a l t  a t  l e n g t h  w i t h  t h e  e x a c t  s h a p e s  o f  C V s  t o  b e  e x p e c t e d  
from d i f f e r e n t  m o d i f i e d  e l e c t r o d e s  ( L a v i r o n ,  J .  e t  c Q  ( 1 9 7 9 ,
1 9 8 0  , 1 9 8 1  ) )  .
G L U C O S E  O X I D A S E

G l u c o s e  o x i d a s e  f r o m  A s p e r g i l l u s  n i g e r  i s  a  f l a v o -  
protein o f  M . W t .  1 8 6 , 0 0 0 ,  w h i c h  c a t a l y s e s  t h e  oxidation of 
D - g l u c o s e  t o  D - g l u c o n o l a c t o n e  w h i c h  i n  t u r n  h y d r o l y s e s  to 
gluconic acid. (The chemical basis of this reaction is the 
oxidation of a hemiacetal to a lactone). The reaction 
sequence is shown below.



D-Glucose

20 5 
h o c h2

Lactone of 
D-gluconic 

acid

O H,0

HO .O
\  Oc
HC—OH

HOCH
IHC—OH

HC—OH
Ic h 2o h

D-Gluconic acid

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

1 )  E . F A D  +  D - g l u c o s e - - ». E . F A D H 2  +  D - g l u c o n o l a c t o n e  .
T h e  r e d u c t i v e  h a l f  r e a c t i o n .

2 )  E . F A D H 0  +  A  - - - >  E . F A D  +  A  , +  2 H  +2  o x  r e d
T h e  o x i d a t i v e  h a l f  r e a c t i o n .

T h e  s p e c i f i c i t y  o f  t h e  e n z y m e  i n  t h e  r e d u c t i v e  h a l f  
r e a c t i o n  i s  v i r t u a l l y  a b s o l u t e  f o r  D - g l u c o s e ,  w h e r e a s  a  
w i d e  r a n g e  o f  a c c e p t o r  m o l e c u l e s  a r e  a c t i v e  i n  t h e  o x i d a t i v e  
h a l f  r e a c t i o n .  T h e s e  i n c l u d e  t h e  p h y s i o l o g i c a l  a c c e p t o r  0^ 
a s  w e l l  a s  s e v e r a l  o r g a n i c ,  i n o r g a n i c  a n d  o r g a n o m e t a l l i c  
o x i d i z i n g  a g e n t s .

A s  i n d i c a t e d  a b o v e ,  t h e  a c t i v e  c o f a c t o r  o f  g l u c o s e  
o x i d a s e  i s  f l a v i n e  a d e n i n e  d i n u c l e o t i d e  ( F A D ) .

T h e  s t r u c t u r e  o f  t h e  F A D  m o i e t y  i s  s h o w n  b e l o w .
Riboflavin 5'-phosphote

or FMN AMP

O



T h e  r e d o x  a c t i v e  p a r t  o f  F A D  i s  t h e  i s o a l l o x a z i n e  
r i n g  w h i c h  i s  a  t w o  e l e c t r o n  a c c e p t o r .  ( F l a v i n  c a n  a l s o  
p a r t i c i p a t e  i n  o n e  e l e c t r o n  r e a c t i o n s ) .

T h e  F A D  c o f a c t o r  i s  t i g h t l y ,  b u t  n o t  c o v a l e n t l y ,  
b o u n d  t o  t h e  e n z y m e  ( S w o b o d a ,  B .  ( 1 9 6 8 ) )  a n d  c y c l e s  b e t w e e n  
r e d u c e d  a n d  o x i d i z e d  s t a t e s  w h i l s t  a t t a c h e d  t o  t h e  s a m e  
p r o t e i n  m o l e c u l e .  F u r t h e r m o r e ,  S w o b o d a  a l s o  s u g g e s t e d  t h a t  
t h e  F A D  m o l e c u l e  f u n c t i o n s  t o  s t a b i l i z e  t h e  s t r u c t u r e  o f  t h e

206

a c t i v e  e n z y m e .
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