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1. INTRODUCTION 

An enzyme e l e c t r o d e i s e s s e n t i a l l y an e l e c t r o d e o v e r 

w h i c h i s p l a c e d a membrane o f an i m m o b i l i z e d enzyme. The 

e l e c t r o d e i s used t o m o n i t o r t h e c o n s u m p t i o n o f a r e a c -

t a n t o r t h e a p p e a r a n c e o f a p r o d u c t o f an enzyme-

c a t a l y z e d r e a c t i o n . F o r e x a m p l e , i n the g l u c o s e o x i d a s e 

c a t a l y z e d o x i d a t i o n o f g l u c o s e , 

Plenary l e c t u r e h e l d at the 4
t n

 Meeting o f the Portuguese Electrochemic 

Society, E s t o r i l , March 1989 
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G l u c o s e 
G l u c o s e + 0 2 > G l u c o n i c a c i d + H 2 0 2 ( 1 ) 

o x i d a s e 

e i t h e r o xygen o r h y d r o g e n p e r o x i d e i s m o n i t o r e d . 

P r e v i o u s l y , enzyme e l e c t r o d e s c o u l d be summarized
 1 

as h a v i n g a l i f e t i m e o f two t o t h r e e weeks, w i t h a r a n g e 

o f 0 . 1 t o 1 0 mM and r e s p o n s e t i m e s o f 1 t o 5 m i n . 

Improved methods o f i m m o b i l i z a t i o n have l e d t o a l i f e ­

t i m e o f two t o t h r e e weeks, w i t h a r a n g e o f 0 . 1 t o 1 0 mM 

and r e s p o n s e t i m e s o f 1 t o 5 m i n . Improved methods o f 

i m m o b i l i z a t i o n have l e d t o l o n g e r l i f e t i m e s , w h i l e use o f 

enzyme e l e c t r o d e s u n d e r t h e d y n a m i c a p p r o a c h o f f l o w 

i n j e c t i o n a n a l y s i s ( F I A ) e n s u r e s f a s t sample t h r o u g h p u t . 

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

f a c i l i t y i n v i e w o f t h e s e l e c t i v i t y o f e n zymes, w h i l e t h e 

h i g h e x p e n s e o f enzymes can be m i n i m i s e d by t h e i m m o b i l i ­

z a t i o n s w h i c h p e r m i t r e p e a t e d use when d e a l i n g w i t h l a r g e 

numbers o f a n a l y s e s . T h i s p a p e r d i s c u s s e s work i n t h e 

a u t h o r ' s l a b o r a t o r i e s w h i c h has l e d t o p r o m o t i n g t h e use 

o f enzyme e l e c t r o d e s i n F I A w i t h o u t t h e need f o r 

s t o p p e d - f l o w r e a c t o r s . The s y s t e m has been e x t e n d e d t o 

m u l t i - e n z y m e e l e c t r o d e s , d i r e c t i m m o b i l i z a t i o n o f enzyme 

on t h e m e t a l e l e c t r o d e s u r f a c e , and a s s e s s m e n t o f t h e 

s i g n i f i c a n c e o f s p a c e r m o l e c u l e s i n the c h e m i c a l i m m o b i l ­

i z a t i o n o f enzymes. A l s o d i s c u s s e d a r e some m a t t e r s 

c o n c e r n i n g s t a n d a r d s f o r c a l i b r a t i n g enzyme e l e c t r o d e s 

and the p o s s i b l e use o f enzyme e l e c t r o d e f o r d e t e r m i n i n g 

p o l l u t a n t s and r e l a t e d m a t e r i a l s from t h e i r i n h i b i t o r y 

e f f e c t s on enzymes. 

2. AMPEROMETRIC NYLON MESH ENZYME ELECTRODES 

A c o n v e n i e n t way o f m o d e l l i n g enzyme e l e c t r o d e s f o r 

f l o w i n j e c t i o n a n a l y s i s ( F I A ) was the c h e m i c a l i m m o b i l i -

2 3 

z a t i o n , o f g l u c o s e o x i d a s e on n y l o n mesh w i t h l y s i n e 

s p a c e r and g l u t a r a l d e h y d e f o l l o w i n g t r e a t m e n t w i t h 

d i m e t h y l s u l p h a t e and s o d i u m h y d r o x i d e
3

,
4

. 
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The r e s u l t i n g t h i n enzyme membrane was s t r e t c h e d 

o v e r a p l a t i n u m e l e c t r o d e and h e l d i n p l a c e w i t h an ' 0 ' 

r i n g . The r e s u l t i n g enzyme e l e c t r o d e was s e t up i n a 

m i c r o c e l l i n a f l o w - i n j e c t i o n a n a l y s i s a r r a n g e m e n t
2 

( F i g . 1 ) where g l u c o s e was m o n i t o r e d from 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 by r e a c t i o n ( 1 ) . 

(a) 
L i n e a r M o d e l 5 0 0 

c h a r t r e c o r d e r 

M e t r o h m - E 6 1 1 
p o t e n t i o s t a t 

I n j e c t i o n 
v a l v e 

W a s t e 

M o d e l IP /4 M o d i f i e d S t e l t e c e l l 
p e r i s t a l t i c p u m p w i t h e n z y m e e l e c t r o d e 

F i g . 1 F l o w i n j e c t i o n a n a l y s i s a p p a r a t u s (a) w i t h d e t e c ­

t o r s y s t e m b a s e d on a t h r e e - e l e c t r o d e S t e l t e c e l l (b) 

m o d i f i e d by means o f a P e r s p e x b l o c k H as d e p i c t e d i n ( c ) 

by a s e c t i o n from D t o E i n ( b ) , i n o r d e r t o r e d u c e dead 

v o l u m e . Key: A, r e f e r e n c e e l e c t r o d e ; B, a u x i l i a r y e l e c ­

t r o d e ; C, enzyme e l e c t r o d e chamber; D, sample i n l e t ; E , 

sample o u t l e t ; F , r e f e r e n c e and a u x i l i a r y e l e c t r o d e 

chamber; G, V - n o t c h on back o f P e r s p e x b l o c k , H; I , 

e t c h e d c h a n n e l ; and J , enzyme e l e c t r o d e ( f r o m R e f . 2 ) . 
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T h i s s y s t e m , f o l l o w i n g o p t i m i z a t i o n f o r f l o w r a t e , 

a p p l i e d p o t e n t i a l (+600 mV v e r s u s t h e s i l v e r / s i l v e r 

c h l o r i d e e l e c t r o d e was c h o s e n ) and e n z y m a t i c r e a c t i o n 

c o n d i t i o n s gave good f l o w i n j e c t i o n a n a l y s i s p e a k s w i t h 

s h o r t r e s p o n s e t i m e s (<45 s) and wash t i m e s ( » 4 5 s) 

( F i g . 2 a ) . The e l e c t r o d e c o u l d be c a l i b r a t e d between 0.01 

and 3 mM g l u c o s e ( F i g . 2 b ) and p o s s e s s e d good c a p a c i t y (24 

h w i t h c o n t i n u o u s f l o w o f 2.5 mM g l u c o s e ) and l i f e t i m e s 

o f more t h a n 4 months w i t h s t o r a g e a t 4°C. 

(a) 

J20 n A 

0.1 ITIM 

I 0.05 mM 

LJIULU
0
-
025
 ™ -1 0 

Log([glucose)/mM) 

F i g . 2 I l l u s t r a t i o n o f r e c o r d e r o u t p u t (a) and c a l i b r a ­

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

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 enzyme e l e c t r o d e ( f r o m 

R e f . 2 ) . 

The g l u c o s e o x i d a s e e l e c t r o d e , s e t up i n t h e m o d i ­

f i e d S t e l t e c e l l f o r F I A p r o v e d e f f e c t i v e f o r a n a l y s i n g 

g l u c o s e i n v a r i o u s f o o d s t u f f s , s u c h as m o l a s s e s , i c e 

cream and s y r u p s , and t h e d a t a a g r e e d w e l l w i t h t h o s e 

o b t a i n e d by s o l u b l e enzyme k i t and Y e l l o w S p r i n g s I n s t r u ­

ment g l u c o s e a n a l y z e r m e t h o d s
2

 ( T a b l e 1 ) . 
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TABLE 1 G l u c o s e a n a l y s i s by enzyme e l e c t r o d e and s o l u b l e 

enzyme t e s t k i t ( d a t a from R e f . 2 ) 

Sample T e s t Enzyme 

Sample P r e t r e a t m e n t K i t 

/ g % 

E l e c t r o d e 

/ g % 

S t r a w b e r r y ) 

i c e cream ) C a r r e z s o l u t i o n s I & I I 4.4 4.5 

V a n i l l a ) 

i c e cream ) 4.7 4.6 

G l u c o s e 

s y r u p 

D i s s o l v e i n p h o s p h a t e 

b u f f e r (0.1M, pH 7) 

g e n t l e warming a t 35°C 

a 
1 4 . 8

-

13.9 

G l u c o s e 

powder 

D i s s o l v e i n b u f f e r w i t h 

g e n t l e warming a t 35°C 

88.0 88.7 

a Y e l l o w S p r i n g s I n s t r u m e n t G l u c o s e A n a l y z e r 

3. AMPEROMETRIC BI-ENZYME ELECTRODES USED WITH A REDOX  

MEDIATOR 

3.1 G l u c o s e A n a l y s i s 

A t t h e h i g h e l e c t r o d e p o t e n t i a l s e m p l o y e d i n t h e 

a bove s y s t e m s (+600 mV v e r s u s t h e s i l v e r / s i l v e r c h l o r i d e 

e l e c t r o d e ) , o t h e r e l e c t r o a c t i v e s p e c i e s , s u c h as a s c o r b i c 

a c i d and u r i c a c i d , f r e g u e n t l y p r e s e n t i n s a m p l e s , w i l l 

a l s o be o x i d i z e d . In o r d e r t o overcome t h e r e s u l t i n g 

i n t e r f e r e n c e , 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 s y s t e m may be 

i n t h e r e d o x m e d i a t e d mode
5

. T h u s , t h e use o f h e x a c y a n o -

f e r r a t e ( I I ) m e d i a t o r p e r m i t s a low a p p l i e d p o t e n t i a l 

(-100 mV v e r s u s t h e s i l v e r / s i l v e r c h l o r i d e e l e c t r o d e ) , 

e n a b l i n g 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 i n b l o o d serum 

w i t h o u t d i f f i c u l t s ample p r e t r e a t m e n t
5

. P e r o x i d a s e i s 

needed t o c a t a l y s e t h e h e x a c y a n o f e r r a t e ( I I ) r e a c t i o n w i t h 

h y d r o g e n p e r o x i d e : 

H
2
0

2
 + 2 F e ( C N ) £ + 2H+ 

P e r o x i d a s e 
3 -

.> 2H
2
0 + 3Fe(CN) * (3) 
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The g e n e r a t e d h e x a c y a n o f e r r a t e ( I I I ) i s r e t u r n e d t o t h e 

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

low a p p l i e d p o t e n t i a l , t h a t i s , -100 mV. The p e r o x i d a s e 

was c o - i m m o b i l i z e d w i t h g l u c o s e o x i d a s e on n y l o n m e s h
5

, 

when t h e optimum g l u c o s e o x i d a s e p e r o x i d a s e r a t e was 2:1. 

The b l o o d serum s a m p l e s (3.8 mM t o 19.2 mM i n 

g l u c o s e ) a n a l y s e d were d i l u t e d 1 0 - f o l d i n p h o s p h a t e 

b u f f e r (100 mM a t pH 7.0) c o n t a i n i n g p o t a s s i u m h e x a c y a n o ­

f e r r a t e ( I I ) (2.5 mM). S a m p l e s (500 mm
3

) were u s e d f o r 

FIA u s i n g t h e g l u c o s e o x i d a s e / p e r o x i d a s e e l e c t r o d e , and 

t h e r e s u l t s showed good c o r r e l a t i o n
5

 (0.997) w i t h g l u c o s e 

a n a l y s e s made by a c o l o r i m e t r i c s o l u b l e enzyme k i t method 

a c c o r d i n g t o 

[ G l u c o s e ] „ . , = 1 . 0 0 [ G l u c o s e l „ , , , . . . . . L 1

 E l e c t r o d e
 L J

S o l u b l e enzyme t e s t k i t 

- 0.219 (4) 

3•2 H y p o x a n t h i n e A n a l y s i s 

The above s t u d i e s on g l u c o s e were e x t e n d e d t o 

x a n t h i n e - h y p o x a n t h i n e a n a l y s i s
5

. T h i s demanded a l o w e r 

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

x a n t h i n e and h y p o x a n t h i n e a t t h e 600 t o 700 mV r e g u i r e d 

f o r d i r e c t h y d r o g e n p e r o x i d e m o n i t o r i n g
5

. A l s o , t h e u r i c 

a c i d p r o d u c t o f t h e e n z y m i c x a n t h i n e o x i d a t i o n i n t e r f e r e s 

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

e l e c t r o d e a p p r o a c h was u s e d
5

. The enzymes (2:1 x a n t h i n e 

o x i d a s e : p e r o x i d a s e ) were a t t a c h e d t o the n y l o n by d i p p i n g 

t h e a c t i v a t e d n y l o n mesh i n a m i x t u r e o f t h e enzymes f o r 

2 h a t room t e m p e r a t u r e and t h e n o v e r n i g h t a t 4°C. The 

e l e c t r o d e was a s s e m b l e d by s t r e t c h i n g t h e b i e n z y m e 

membrane o v e r a p l a t i n u m e l e c t r o d e . 

A t y p i c a l r e c o r d e r o u t p u t f o r the e l e c t r o d e c a l i b r a ­

t i o n w i t h r e s p e c t o f x a n t h i n e , the p r i m a r y s u b s t r a t e , i s 

shown i n F i g . 3 . The c a l i b r a t i o n e x t e n d s o v e r t h e r a n g e 2 

t o 100 pM a c c o r d i n g t o ( t h e c o r r e l a t i o n c o e f f i c i e n t i s 

0 . 9 9 9 ) . 

L o g ( c u r r e n t / A ) = 0.93 l o g ( [ x a n t h i n e ] / M ) - 2.08 (5) 
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A s i m i l a r c a l i b r a t i o n p r o f i l e h o l d s f o r h y p o x a n t h i n e
5

. 

200 hm 

S c a n 5 m i n 

F i g . 3 C h a r t r e c o r d e r o u t p u t and c a l i b r a t i o n p l o t f o r 

h e x a c y a n o f e r r a t e ( I I ) m e d i a t e d x a n t h i n e c a l i b r a t i o n o f t h e 

x a n t h i n e o x i d a s e - p e r o x i d a s e b i - e n z y m e e l e c t r o d e ( f r o m 

R e f . 5) . 

An a p p l i c a t i o n o f t h e x a n t h i n e o x i d a s e e l e c t r o d e i s 

f o r m o n i t o r i n g f i s h meat q u a l i t y , as r e f l e c t e d by 

i n c r e a s e s i n h y p o x a n t h i n e l e v e l s d u r i n g s t o r a g e
6

. The 

above e l e c t r o d e was t e s t e d on f o u r d i f f e r e n t k i n d s o f 

f i s h meat and t h e r e s u l t s compared ( r = 0. 998) w i t h 

t h o s e o f a r e f e r e n c e s p e c t r o p h o t o m e t r y method o f t h e 

A n a l y t i c a l Methods C o m m i t t e e
7

 ( T a b l e 2) f o r t h e combined 

d a t a r e l a t i n g t o f r e s h f i s h and s t o r e d f i s h : 

[ H y p o x a n t h i n e ]
E l e c t r o d e =

 ,.
0
1 [ h y p o x a n t h i n e ] ^ 

+ 4.0 x 1 0 -
3

 (6) 
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TABLE 2 A n a l y s i s o f h y p o x a n t n i n e i n f i s h m e at, u s i n g a 

b i e n z y m e e l e c t r o d e (BE) o f x a n t h i n e o x i d a s e and 

p e r o x i d a s e and t h e AMC s p e c t r o p h o t o m e t r i c 

a p p r o a c h ( d a t a from R e f . 5 ) 

H y p o x a n t h i n e / y m o l g
 1 

F i s h meat t y p e _ _ _ _ _ 

F r e s h f i s h A f t e r 20 s t o r a g e a t 

20°C 

BE AMC BE AMC 

Rainbow t r o u t 0. 32 0.32 0. 42 0. 39 

H e r r i n g 0. 74 0. 88 1 .87 1 .84 

Hake 0. 59 0.63 2.19 2.40 

P l a i c e 0. 95 0.91 1 .89 1 . 76 

4. A TRI-ENZYME ELECTRODE APPROACH FOR SUCROSE ANALYSIS 

The use o f enzyme e l e c t r o d e s f o r t h e a n a l y s i s o f 

s u c r o s e g e n e r a l l y i n v o l v e t h e c o - i m m o b i l i z a t i o n o f 

enzymes i n one way o r a n o t h e r
8

. The s i m p l e s t i s t h e 

random c o - i m m o b i l i z a t i o n on a s i n g l e membrane as i n t h e 

c o - i m m o b i l i z a t i o n o f i n v e r t a s e , m u t a r o t a s e and g l u c o s e 

o x i d a s e on n y l o n mesh p l a c e d o v e r a p l a t i n u m e l e c t r o d e 

u sed i n t h e a m p e r o m e t r i c mode i n a m o d i f i e d t h r e e -

e l e c t r o d e S t e l t e c e l l t o g i v e a n . e f f e c t i v e a r r a n g e m e n t 
Q 

f o r t h e f l o w i n j e c t i o n a n a l y s i s o f s u c r o s e . 

The n y l o n mesh was a c t i v a t e d i n t h e u s u a l way w i t h 

d i m e t h y l s u l p h a t e , r e a c t e d w i t h l y s i n e s p a c e r and g l u t a r -

a l d e h y d e , and t h e n t r e a t e d w i t h t h e t r i p l e enzyme 

s o l u t i o n f o r 2 h o u r s a t room t e m p e r a t u r e f o l l o w e d by 

o v e r n i g h t c o n t a c t a t 4°C. The r e s u l t a n t s u c r o s e - s e n s i n g 

membrane was t h e n f i r m l y f i t t e d o v e r t h e p l a t i n u m i n d i c a ­

t i n g e l e c t r o d e o f t h e S t e l t e c e l l w i t h an '0' r i n g
8

. 

V a r y i n g p r o p o r t i o n s o f i n v e r t a s e , m u t a r o t a s e and g l u c o s e 

o x i d a s e were a s s e s s e d . T h e s e were based on enzyme u n i t s 

( T a b l e 3 ) , w h i c h were d i l u t e d i n p h o s p h a t e b u f f e r (0.1 

mM, pH 7 a t 2 5° C) t o g i v e a t o t a l p r o t e i n c o n c e n t r a t i o n 

o f a b o u t 3 mg c m
- 3

. 
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TABLE 3 S u c r o s e t r i e n z y m e e l e c t r o d e r e s p o n s e (/nA) t o 

g l u c o s e ( I Q ) and s u c r o s e ( I s ) (1 mM e a c h ) a t 

pH 6.5, f l o w r a t e 4.2 cm
3

 m i n
- 1

, and 500 mm
 3 

sample volume ( d a t a from R e f . 8 ) 

Membrane t y p e A B C D E 

IU r a t i o / 2 0 0 1 

I N V : M U T : G O £ 

0:10 : 10 10:10:1 10:5:1 5:10:1 20:10:1 

E n z y m e / b u f f e r 

f o r [ E n z y m e J o f 

3mg cm /cm 7.5 1.9 1.85 1. 25 3.25 

3613 1195 1373 1283 1328 

I
s
/ n A 200 160 923 103 145 

I : I
g
 r a t i o 18.1 7.5 1.5 12.5 9.2 

a INV = I n v e r t a s e ; MUT = 

GO = g l u c o s e o x i d a s e 

m u t a r o t a s e ; 

E x c e p t f o r t h e e x p e c t e d r e s p o n s e t o g l u c o s e , s u c r o s e 

r e s p o n s e i s n o t a f f e c t e d by f r u c t o s e , a r a b i n o s e , g a l a c -

t o s e , r a f f i n o s e , m a l t o s e , l a c t o s e , s o r b o s e
8

. A l s o , t h e r e 

i s no i n t e r f e r e n c e f rom g l u c o n i c , c i t r i c , l a c t i c and 

a c e t i c a c i d s , b u t a s c o r b i c a c i d r a i s e s t h e r e a d i n g s . 

The optimum enzyme c o m p o s i t i o n c o r r e s p o n d e d t o 

membrane C, t h a t i s , 2000:1000:200 IUs o f i n v e r t a s e : -

m u t a r o t a s e : g l u c o s e o x i d a s e , r e s p e c t i v e l y . The c o r r e s p o n -
o 

d i n g e l e c t r o d e e x h i b i t e d a good c a l i b r a t i o n r a n g e (0.001 

t o 1 mM s u c r o s e ) , s h o r t r e s p o n s e t i m e s (10 s t o 20 s ) , 

l o n g l i f e t i m e ( j u s t 6% r e d u c t i o n i n s i g n a l s a f t e r >14 h 

c o n t i n u o u s f l o w o f 1 mM s u c r o s e ) and good s t o r a g e s t a b i l ­

i t y f o r i n t e r m i t t e n t use (38 d when s t o r e d i n 0.1M 

p h o s p h a t e b u f f e r o f pH 7 a t 4 ° C ) . 

5. MODIFIED ELECTRODES WITH ENZYME COATINGS 

A l t h o u g h i m m o b i l i z a t i o n o f enzymes on n y l o n mesh 

g i v e s e f f e c t i v e enzyme e l e c t r o d e s , p e r m i t t i n g a s u b s t r a t e 

a n a l y s i s e v e r y 90 s o r s o , t h e membrane i s s t i l l r e l a ­

t i v e l y t h i c k and w i l l h i n d e r f a s t a n a l y s i s . T h e r e f o r e , 

g l u c o s e o x i d a s e has been i m m o b i l i z e d d i r e c t l y on t o 
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s i l a n i z e d , a n o d i z e d p l a t i n u m w i r e t o g i v e 

P t O [ 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 ) - g l u t a r a l d e h y d e - e n z y m e ] 

The a p p r o a c h i s s i m i l a r t o a p r o c e d u r e
1 0

 o f s i l a n i z i n g a 

0.5 cm
2

 p l a t i n u m p l a t e , f o l l o w e d by a c o a t i n g o f a 

m i x t u r e o f g l u t a r a l d e h y d e , b o v i n e a l b u m i n and enzyme on 

t h e s i l a n i z e d p l a t i n u m , e x c e p t t h a t h e r e
9

 t h e a g e n c y o f 

b o v i n e a l b u m i n was n o t u s e d . 

The r e s u l t i n g e l e c t r o d e was a s s e m b l e d i n a m i c r o 

f l o w - t h r o u g h c e l l
9

 and g a ve a f a s t and s e n s i t i v e 

r e s p o n s e . F o r c o n t i n u o u s e x p o s u r e t o g l u c o s e , a c h i e v e d 

by pumping g l u c o s e (10 and 2.5 mM) o v e r t h e e l e c t r o d e a t 

3.5 cm
3

 m i n
- 1

, t h e e l e c t r o d e f u n c t i o n e d w e l l
 9

 f o r 9 h. 

T h i s i s l e s s t h a n t h e 24 h o b s e r v e d f o r an e l e c t r o d e w i t h 

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 on n y l o n m e s h
2

 ( l o a d i n g 22 

nmol c m
- 2

 m i n
- 1

) and may r e l a t e t o t h e s m a l l e r enzyme 

l o a d i n g on t h e w i r e (5-10 nmol c m
- 2

 m i n
- 1

) , s m a l l s u r f a c e 

a r e a a n d / o r weakness o f t h e n a t u r e o f t h e P t - 0 b o n d i n g . 

The c a l i b r a t i o n ( r = 0.999) was 

L o g ( c u r r e n t / A ) = 0.992 l o g ( [ g l u c o s e ]/M) - 3.94 (7) 

and l i f e t i m e d u r i n g n o r m a l use was 10 d a y s
9

. 

A c o n s i d e r a b l y e n h a n c e d s i g n a l (by a f a c t o r o f 6) i s 

o b t a i n e d by i m m o b i l i z i n g t h e g l u c o s e o x i d a s e on p l a t i n ­

i z e d p l a t i n u m
1 1

. The v i r t u e o f t h i s i s w e l l i l l u s t r a t e d 

by t h e FIA c h a r t ( F i g . 4 ) , w h i l e F i g . 5 e m p h a s i s e s t h e g a i n 

i n s i g n a l by t h e p l a t i n i z e d p l a t i n u m and t h e e n h a n c e d 

c a l i b r a t i o n r a n g e (0.005 - 30 mM g l u c o s e ) when compared 

w i t h the e l e c t r o d e s o b t a i n e d by i m m o b i l i z a t i o n s o f p l a t i ­

n i z e d o r t h e r m a l l y o x i d i s e d p l a t i n u m (0.05 - 30 mM 

g l u c o s e ) . 

A f u r t h e r g a i n o f t h e p l a t i n i z e d p l a t i n u m (and a l s o 

o f t h e t h e r m a l l y o x i d i s e d p l a t i n u m ) a p p r o a c h was t h e 

l i f e t i m e o f 15 h o b t a i n e d when s u b j e c t e d t o a c o n t i n u o u s 

f l o w o f 10 mM g l u c o s e
1 1

 compared w i t h j u s t 9 h f o r 

a n o d i s e d p l a t i n u m
9

. 
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5 min. Scan 

F i g . 4 A F I A r e c o r d e r o u t p u t f o r g l u c o s e s t a n d a r d s 

o b t a i n e d d u r i n g t h e c a l i b r a t i o n o f a p l a t i n i z e d p l a t i n u m 

g l u c o s e o x i d a s e e l e c t r o d e ( f r o m R e f . 1 1) 

5 i — — , 

4 -

< 
CO 
o _

 2 -

1 -

0
 1 1

 1 1 I 

-5.5 -4.5 -3.5 -2.5 -1.5 -0.5 

log ([glucose]/M) 

F i g . 5 G l u c o s e c a l i b r a t i o n p l o t s f o r g l u c o s e o x i d a s e e l e c ­

t r o d e s b a s e d on a n o d i z e d p l a t i n u m w i t h 20% s i l a n i z a t i o n 

( A ) , a n o d i z e d p l a t i n u m w i t h 10% s i l a n i z a t i o n ( a ) , t h e r m ­

a l l y o x i d i s e d p l a t i n u m ( o ) , and p l a t i n i z e d o l a t i n u m ( k) 
( f r o m R e f . 1 1 )

 v

 ' 

http://Ref.11
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6. CONSIDERATIONS CONCERNING SPACER MOLECULES AND  

COUPLING AGENTS 

^Spacer m o l e c u l e s , s u c h as t h e l y s i n e m e n t i o n e d above 

f o r t h e enzyme i m m o b i l i s a t i o n s on n y l o n n e t , have b e e n 

a d v i s e d f o r t h e i r u t i l i t y i n e f f e c t i n g h i g h e r enzyme 

a c t i v i t y . T h u s , a l t h o u g h u s e f u l e l e c t r o d e s were o b t a i n e d 

f o r a n o d i s e d and p l a t i n i s e d p l a t i n u m w i t h o u t t h e use o f 

s p a c e r s , i t was c l a i m e d
3

 t h a t t h e a p p a r e n t enzyme a c t i v i ­

t y d e c r e a s e d by a b o u t h a l f f o r n o - s p a c e r compared w i t h an 

enzyme i m m o b i l i s e d w i t h a s p a c e r . In a s t u d y o f t h e 

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

s a t i o n o f g l u c o s e o x i d a s e on n y l o n n e t , i t was f o u n d
1 2 

t h a t t h e c u r r e n t o u t p u t o f t h e enzyme e l e c t r o d e d e c r e a s e d 

w i t h e a c h c o u p l i n g a g e n t i n t h e o r d e r l y s i n e > a r g i n i n e > 

a s p a r a g i n e > p - p h e n y l e n e d i a m i n e > o r n i t h i n e > m - p h e n y l -

ene d i a m i n e > g l u t a m i n e > no s p a c e r . H e n c e , t h e c h o i c e 

o f l y s i n e as a s p a c e r m o l e c u l e i s w e l l m e r i t e d . 

A p o p u l a r c o u p l i n g a g e n t i s g l u t a r a l d e h y d e , b u t 

p - b e n z b q u i n o n e a l s o has p r o s p e c t s f o r , i n a s t u d y o f i t s 

p e r f o r m a n c e compared w i t h g l u t a r a l d e h y d e , i t s use as a 

c o u p l i n g a g e n t g ave g l u c o s e o x i d a s e n y l o n membrane enzyme 

e l e c t r o d e s o f i n c r e a s e d r a n g e , n a m e l y , 0.01 - 7 mM 

g l u c o s e compared t o 0.01 - 2 mM g l u c o s e f o r g l u t a r a l d e ­

hyde
 1 2

, 

7. SOME UNUSUAL INTERFERENCES OF ENZYME ELECTRODES:  

SUBSTRATE STANDARDS AND ENZYME INHIBITORS 

T h e r e a r e o c c a s i o n s when i t i s d i f f i c u l t t o o b t a i n 

p r o p e r s t a n d a r d s f o r t e s t i n g and c a l i b r a t i n g enzyme 

e l e c t r o d e s . T h i s has been e x p e r i e n c e d i n t h e F I A o f 

c h o l e s t e r o l f o r a n y l o n mesh c h o l e s t e r o l o x i d a s e e l e c ­

t r o d e
1 3

, p r i n c i p a l l y b e c a u s e o f t h e i n t e r f e r e n c e o f t h e 

s o l u b i l i s i n g s u r f a c t a n t . H e n c e , i t was recommended t h a t 

agueous c h o l e s t e r o l c a l i b r a t i n g s t a n d a r d s s h o u l d be 

c o n f i n e d t o c a . 1% V/V T r i t o n X-100, when a r e s p e c t a b l e 

c a l i b r a t i o n r a n g e o f 0.010 - 1.035 mM c h o l e s t e r o l c o u l d 
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be o b t a i n e d . However, c h o l e s t e r o l o x i d a s e e l e c t r o d e s a r e 

n o t as s t r a i g h t f o r w a r d as o t h e r s d i s c u s s e d a b o v e , s i n c e 

t h e Q u a l i t y o f t h e c o m m e r c i a l l y a v a i l a b l e enzyme, as 

d e t e r m i n e d by i s o e l e c t r i c f o c u s i n g and s t e r i c e x c l u s i o n 

c h r o m a t o g r a p h y i s more h e t e r o g e n e o u s t h a n g l u c o s e 

o x i d a s e , x a n t h i n e o x i d a s e and p e r o x i d a s e . 

Of c o u r s e , enzyme e l e c t r o d e p e r f o r m a n c e c a n be 

a f f e c t e d by t h e p r e s e n c e o f i n h i b i t o r s w i t h t h e s u b ­

s t r a t e . F o r e x a m p l e , some heavy m e t a l c a t i o n s , p r i n c i ­

p a l l y c o p p e r ( I I ) , m e r c u r y ( I I ) and s i l v e r ( I ) o f t h e 16 

m e t a l s s t u d i e d , can i n h i b i t t h e r e s p o n s e o f a n y l o n mesh 

g l u c o s e o x i d a s e e l e c t r o d e
 1 4

. F o r t u n a t e l y , t h e enzyme 

e l e c t r o d e c o u l d be r e a c t i v a t e d by s i m p l y w a s h i n g w i t h 

b u f f e r s t r e a m o r , more s p e e d i l y , w i t h EDTA i n t h e 

b u f f e r
1 k

. The i n h i b i t i o n and t h e a b i l i t y t o r e a c t i v a t e 

t h e enzyme e l e c t r o d e p r o v i d e s a b a s i s f o r a d a p t i n g t h e 

e l e c t r o d e f o r t h e F I A o f enzyme i n h i b i t o r s . T h u s , s u c h 

an a r r a n g e m e n t has been m o d e l l e d
1 4

 f o r c o p p e r ( I I ) d e t e r ­

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

e l e c t r o d e a c c o r d i n g t o t h e r e l a t i o n ( r = 0.994) 

I/A = -9.49 x 1 0
- 7

 l o g ( [ C u ] / M ) + 4.84 x 1 0 "
8

 (8) 

f o r t h e 0.25 - 5 mM c o p p e r c o n c e n t r a t i o n r a n g e . 

CONCLUSION 

C l e a r l y , a t t e n t i o n t o i m m o b i l i z a t i o n o f enzymes 

y i e l d s good enzyme e l e c t r o d e s f o r d i r e c t a n a l y s i s o f 

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

m u l t i - e n z y m e membranes and a r e a d a p t a b l e f o r a wide r a n g e 

o f a p p l i c a t i o n s i n t h e a n a l y s i s o f s u b s t r a t e s w i t h some 

p r o s p e c t a l s o f o r a n a l y s i n g enzyme i n h i b i t o r s . 
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T H E E L E C T R O R E D U C T I O N O F O X Y G E N * 

C a r l o s P a l i t e i r o 

Department of Chemistry, University of Coimbra, Coimbra, Portugal 

A b s t r a c t s : Oxygen electroreduction is a slow reaction and, therefore, to 
obtain electric currents high enough for practical applications, a 
catalyst is needed. For this purpose many materials have been scrutini­
zed, and surface modification of some of them to achieve higher cataly­
tic efficiencies have been attempted. A comprehensive reference is first 
made to the several classes of materials tested so far. Then the techni­
ques that have been applied to the study of oxygen electroreduction 
are reviewed, with some emphasis being given to the analysis of the 
electrochemical data. The application of these techniques are finally 
illustrated with a detailed discussion of the electroreduction of oxygen 
on pure and modified surfaces of carbon and gold. 

1. Introduction 

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

s e v e r a l a r e a s o f p r a c t i c a l e l e c t r o c h e m i s t r y , n a m e l y : 

- f u e l c e l l s : 

* a c i d (ma in l y p h o s p h o r i c a c i d ); 

* a l k a l i n e ; 

* h i g h t e m p e r a t u r e (melts a n d s o l i d e l e c t r o l y t e s ) ; 

- m e t a l - a i r b a t t e r i e s : 

* z i n c - a i r ; 

* i r o n - a i r ; 

* a l u m i n i u m - a i r ; 

- s e a l e d - s t o r a g e b a t t e r i e s : 

* N i - C d ; 

* N i - Z n ; 

* P b a c i d ; 

- c h l o r - a l k a l i i n d u s t r y ; 

- meta l l i c c o r r o s i o n : 

* i r o n a n d s t e e l ; 

* c o p p e r ; 

W B a s e d o n a p l e n a r y l e c t u r e d e l i v e r e d a t t h e 4th M e e t i n g o f t h e 

P o r t u g u e s e E l e c t r o c h e m i c a l S o c i e t y , E s t o r i l , M a r c h 1989. 
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