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ABSTRACT

Conducting organic salt electrodes have been shown to oxidise both flavin-linked 

oxidoreductases and NAD-dependent dehydrogenases. However the precise nature of the 

mechanism involved is controversial. Three alternative mechanisms have been proposed: 

homogeneous mediation, heterogeneous redox catalysis and a modified enzyme process. 

This thesis is concerned with the elucidation of the mechanism by which these enzyme 

electrodes operate.

A variety of electroanalytical techniques were employed including a.c. impedance 

spectroscopy and rotating disk and ring-disk methods. The a.c. studies showed that TTF- 

TCNQ electrodes fabricated using silicone oil followed a homogeneous pathway whilst 

those made with polystyrene as a binder primarily operated via a heterogeneous 

mechanism. The experiments using a rotating Pt-ring TTF-TCNQ disk suggested that 

pressed pellet electrodes also follow a homogeneous mechanism. Due to some anomalous 

results seen in these experiments, an investigation of the nucleation properties of various 

flavoenzymes was undertaken.

A conducting organic salt enzyme electrode using invertase, mutarotase and 

glucose oxidase trapped behind a cellulose acetate membrane was developed and was 

shown to be capable of determining sucrose in soft drinks. The sensor had a linear 

response from 25 /*M up to 11 mM sucrose. A kinetic model for this three enzyme system 

was devised using the theory for membrane electrodes developed by Albery and Bartlett ( 

J . Electroanal. Chem., 194, 211, (1985) ). By varying the ratio of the respective enzymes, 

the rate determining step was shown to be the hydrolysis of sucrose by invertase.

A preliminary investigation into developing a sensor to monitor creatine levels in 

urine using creatinase and sarcosine oxidase was undertaken. In-vitro studies showed that 

the sensor had a linear range from 25 to 400 fiM creatine. A nitrate sensor using NAD- 

linked nitrate reductase was also developed. It gave a linear response from 30 /xM up to 

3mM nitrate. Kinetic models were designed and used to analyse the experimental data.
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CHAPTER 1 

INTRODUCTION

T h i s  th e s is  i s  c o n c e rn e d  w ith  th e  d e v e lo p m e n t  o f  e le c t r o c h e m ic a l  s e n s o r s  u s in g  

c o n d u c t in g  o r g a n ic  s a l t  e n z y m e  e le c tro d e s . T h e s e  s y s t e m s  c o m b in e  th e  h ig h  s e le c t iv i t y  o f  

e n z y m e s  w ith  th e  e a s e  o f  c o n tro l  o f  e le c t r o c h e m is t r y . T h e  c h a p te r  b e g in s  w ith  a  b r ie f  

d e s c r ip t io n  o f  th e  p r o p e r t ie s  o f  s o m e  o f  th e  f la v o e n z y m e s  u se d  in  th i s  w o rk . T h i s  i s  

fo llo w e d  b y  a  se c t io n  o n  p r o te in  e le c t r o c h e m is t r y . T h e  c h a p te r  c o n c lu d e s  w ith  a n  o u t lin e  

o f  th e  r e s t  o f  th e  th e s is .

1 .1  F L A V O E N Z Y M E S

M a n y  p ro c e ss e s  o f  fu n d a m e n ta l  im p o r ta n c e  in  n a tu r e  d e p e n d  o n  th e  t r a n s fe r  o f  

e le c tro n s  b e tw e e n  re d o x  p r o te in s  a n d  th e  u t i l i s a t io n  o f  th e  e n e rg y  y ie ld e d  b y  s u c h  a  

m e c h a n is m . F la v o e n z y m e s  fo r m  a n  im p o r t a n t  f a m i ly  o f  r e d o x  p r o te in s  w h o se  n a m e  

d e r iv e s  f r o m  th e ir  c o n ta in in g  e ith e r  r ib o f la v in  ( R F ) ,  f la v in  m o n o n u c le o t id e  ( F M N )  o r  

f la v in  a d e n in e  d in u c le o t id e  ( F A D )  a s  a  r e d o x - a c t iv e  p r o s th e t ic  g r o u p . F la v o e n z y m e s  c a n  

b e  fu r th e r  s u b d iv id e d  in to  tw o  c a te g o r ie s  d e p e n d in g  o n  w h e th e r  o r  n o t  th e y  c o n ta in  a  

m e t a l  c e n tre , u s u a l ly  iro n  o r  m o ly b d e n u m .

T h e  c e n tr a l  i s o a l lo x a z in e  s y s t e m  is  c o m p o se d  o f  a  fu s e d  th re e - r in g  s t r u c t u r e  

c o n ta in in g  b e n z e n e , p y r a z in e  a n d  p y r im id in e  (F ig u r e  1 .1 ) . T h e  t r ic y c l ic  f l a v in s  s e r v e  a s  

tw o -e le c tro n  o x id a n t s  w ith  th e  f in a l  p r o d u c t  b e in g  a  1 ,5 - d ih y d r o f la v in  (h y d r o q u in o n e  

fo r m ) .  O n e -e le c tro n  r e d u c t io n  o f  f la v in s  y ie ld s  a  r a d ic a l  a n io n  ( s e m iq u in o n e ) .  T h e  

e le c t r o n s  a c c e p te d  b y  th e  f la v in  a r e  r a p id ly  t r a n s fe r r e d  t o  a  m o re  p o w e r fu l  o x id a n t ,  

u s u a l ly  o x y g e n .

T h e  e q u il ib r iu m  c o n s ta n t  fo r  th e  d is s o c ia t io n  o f  th e  h o lo e n z y m e  in to  c o fa c to r  a n d  

a p o e n z y m e  is  o f  th e  o rd e r  o f  10 o r  10 M . H o w ev e r  r e d u c t io n  o f  th e  i s o a l lo x a z in e  

s y s t e m  r e s u lt s  in  th e  lo s s  o f  a r o m a t ic i t y  a n d  is  a c c o m p a n ie d  b y  a  c h a n g e  fr o m  a  p la n a r  to
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Isoalloxazine
. .. --— — s

Flavin mononucleotide (FMN)

Flavin adenine dinucleotide (FAD)

F ig u r e  1 .1  C h e m ic a l  s t r u c t u r e  o f  f la v in  b a s e d  s y s t e m s
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a  p u c k e re d  g e o m e tr y . T h i s  le a d s  to  th e  a p o e n z y m e  h a v in g  a  d i f fe re n t  a f f in it y  fo r  th e  

o x id i s e d  a n d  re d u c e d  f o r m s  o f  th e  p r o s th e t ic  g r o u p .

T h e  p r o p e r t ie s  o f  so m e  o f  th e  f la v o e n z y m e s  u se d  w ill b e  o u t lin e d  in  th e  fo llo w in g

se c t io n s .

1.1.1 Glucose Oxidase

T h e  e n z y m e  o b t a in e d  fr o m  Aspergillus niger i s  a  d im e r  ( M r= 1 6 0 0 0 0 )  c o n s is t in g  

o f  tw o  m o n o m e r s  ( M r = 7 9 0 0 0 ) .  I t  h a s  a  h y d r o d y n a m ic  r a d iu s  o f  4 .3 n m  (1 ) .  T h e  e n z y m e  

h a s  a  p o ly s a c c h a r id e  c o a t  w h ich  p r o v id e s  r ig id i t y  a n d  in  a d d it io n ,  s e r v e s  to  in c r e a se  i t s  

s o lu b i l i t y .  T h e  e n z y m e  c a t a ly s e s  th e  o x id a t io n  o f  g lu c o s e

/? -D -g lu c o se  +  g lu c o s e  o x i d a s e - F A D -------►

6- D - g lu c o n o la c to n e  +  g lu c o s e  o x id a s e - F A D H 2 

T h e  re d u c e d  e n z y m e  is  th e n  re o x id ise d  b y  m o le c u la r  o x y g e n .

g lu c o se  o x id a s e - F A D H 2  +  0 2 ------ ►

g lu c o s e  o x id a s e - F A D  +  H 2 0 2  + 2 e “

T h e r e  a r e  tw o  t ig h t ly  b o u n d  F A D  g r o u p s  p e r  d im e r . O ’ M a lle y  a n d  W e a v e r  (2 )  

p r o p o se d  t h a t  th e  d im e r  w a s  h e ld  to g e th e r  b y  a  d is u lp h id e  l in k a g e , b u t  T s u g e  (3 )  a n d  

J o n e s  (4 )  h a v e  s u g g e s t e d  t h a t  n o n  c o v a le n t  in te r a c t io n s  a r e  r e sp o n s ib le  fo r  m a in ta in in g  

s t r u c t u r a l  in te g r ity .  S w o b o d a  (5 )  sh o w e d  t h a t  b in d in g  o f  F A D  c a u s e d  a  m a r k e d  

c o n fo r m a t io n a l  c h a n g e , th e  h o lo e n z y m e  a s s u m in g  a  f a r  m o re  c o m p a c t  r ig id  s t r u c t u r e  th a n  

th e  f le x ib le  a p o e n z y m e .

G lu c o s e  o x id a s e  h a s  b een  th e  s u b je c t  o f  e x te n s iv e  s t u d y  a n d  i t s  k in e t ic  

p a r a m e t e r s  h a v e  b e e n  d e te r m in e d  (6 ,7 ) .  T h e  e n z y m e  sh o w s a  h ig h  sp e c if ic i ty  fo r  th e  /?- 

a n o m e r  o f  D -g lu c o se . A p a r t  fr o m  th e  g lu c o s e  a n o m e r s  n u m e r o u s  o th e r  p o te n t ia l  

s u b s t r a t e s  h a v e  b ee n  t r ie d  ( 8 ) .  T h e s e  r e s u lt s  le d  K e i l in  a n d  H a r t r e e  ( 9 )  to  s u g g e s t  t h a t  

s u b s t i t u t io n  in  th e  1-, 2- o r  3 -O H  g r o u p s  o f  g lu c o s e  re m o v e d  g lu c o s e  o x id a s e  a c t iv i ty  

e n t ir e ly  w h e re a s  s u b s t i t u t io n  in  th e  4- o r  6 - p o s i t io n s  re d u c e d  th e  a c t iv i t y  t o  1 o r  2 %  o f
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t h a t  fo r  /? - D -g lu c o se . H o w ev e r  m o r e  re c e n t  w o rk  (1 0 - 1 2 )  sh o w e d  t h a t  b o th  D -g lu c o so n e  

a n d  2 - D e o x y - D -g lu c o s e  sh o w e d  c o n s id e r a b le  a c t iv i ty ,  f a r  m o r e  t h a n  o th e r  p o s s ib le  

s u b s t r a t e s ,  in d ic a t in g  t h a t ,  m o d if ic a t io n  o f  th e  C -2  p o s it io n  w a s  p e r m is s ib le .

1 .1 .2  X a n t h in e  O x id a s e

X a n th in e  o x id a s e  ( M r =  2 8 3 0 0 0 )  i s  a n  e x a m p le  o f  a  f la v o e n z y m e  w h ic h  c o n ta in s  

m e t a l  a t o m s  in  a d d i t io n  to  th e  f la v in  m o ie ty . I t  w a s  th e  f ir s t  m a m m a l i a n  e n z y m e  fo u n d  

to  c o n ta in  m o ly b d e n u m  (1 3 ) .  A lth o u g h  i t  i s  c o m m o n ly  fo u n d , i t s  e x a c t  fu n c t io n  a p p e a r s  

to  d e p e n d  o n  th e  c o m p le x ity  o f  th e  o r g a n i s m . In  lo w e r o r g a n i s m s ,  x a n t h in e  m a y  b e  th e  

so le  n it ro g e n  so u r c e  a n d  th u s  th e  c o n v e rs io n  o f  x a n th in e  to  u r ic  a c id  m a y  b e  th e  f i r s t  s t e p  

in  n it ro g e n  u p t a k e .  In  m a m m a ls  i t  c a t a ly s e s  th e  o x id a t io n  o f  h y p o x a n th in e  to  x a n th in e  

a n d  t h a t  o f  th e  l a t t e r  to  u r ic  a c id ,  th u s  p la y in g  a n  in te g r a l  p a r t  in  p u r in e  c a t a b o l i s m .  T h e  

r e a c t io n s  i t  c a t a ly s e s  a r e  o f  th e  fo rm

R H  +  O H - -------►  R O H  +  H +  +  2e"

I t  i s  n o w  a c c e p te d  t h a t  m ilk  x a n th in e  o x id a s e  c o n ta in s  F A D ,  m o ly b d e n u m , iro n  

a n d  a c id - la b ile  s u lp h u r  in  th e  r a t io  1 :1 :4 :4 .  T h e  su b u n it  s t r u c t u r e  h a s  n o t  y e t  b ee n  

e n t ir e ly  r e so lv e d . D e n a tu r a t io n  s t u d ie s  u s in g  th io ls  a n d  g u a n id in e  ( 8 M ) fa i le d  to  re d u c e  

th e  m o le c u la r  w e ig h t  to  le s s  th a n  1 0 0 0 0 0  (1 4 ) .  T h u s  it  a p p e a r s  t h a t  th e re  i s  a  s t a b le  

s u b u n it  o f  a p p r o x im a t e ly  h a l f  th e  m o le c u la r  w e ig h t  o f  th e  n a t iv e  e n z y m e . E v id e n c e  fro m  

in h ib it io n  s t u d ie s  u s in g  a l lo x a n th in e  in d ic a te s  t h a t  th e re  a re  tw o  a c t iv e  s i t e s  s in c e  1 m o le  

o f  x a n th in e  o x id a s e  b in d s  2  m o le s  o f  a l lo x a n th in e , p r e s u m a b ly  o n e  p e r  m o ly b d e n u m  

c e n tre .

1 .1 .3  D - S a r c o s in e  O x id a s e

T h is  e n z y m e  c a t a ly s e s  th e  o x id a t iv e  d e m e th y la t io n  o f  s a r c o s in e

C H 3 N H C H 2 C O O H  +  0 2  +  H 2 0 -------►  H C H O  +  N H 2 C H 2 C O O H  +  H 2 0 2

I t  h a s  b e e n  o b ta in e d  fr o m  a  v a r ie ty  o f  so u rc e s , n a m e ly , Arthrobacter, Pseudomonas and 

Corynebacterium sp e c ie s . T h e  e n z y m e  o b ta in e d  fr o m  th e  la t t e r  so u r c e  h a s  b ee n  sh o w n  to
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c o n ta in  1 m o le  o f  c o v a le n t ly  b o u n d  F A D [8 a - (  N 3- h is t id y l  ) - F A D ]  to g e th e r  w ith  1 m o le  o f  

n o n - c o v a le n t ly  b o u n d  F A D  p e r  m o le  o f  e n z y m e  ( M r= 1 7 4 0 0 0 ) .  T h e  e n z y m e  c o n s is t s  o f  

fo u r  n o n - e q u iv a le n t  s u b u n i t s :  A , M r= l  1 0 0 0 0 ; B ,  M r= 4 4 0 0 0 ;  C ,  M r= 2 1 0 0 0 ;  D , M r= 1 0 0 0 0 .  

H a y a s h i  (1 5 ,1 6 )  a n d  S u z u k i  (1 7 )  sh o w e d  t h a t  th e  c o v a le n t ly  b o u n d  f la v in  w a s  a t t a c h e d  to  

s u b u n it  B .

E le g a n t  w o rk  b y  J o r n s  (1 8 )  in v o lv in g  a  s p e c t r o p h o to m e tr ic  s t u d y  o f  th e  e f fe c t  o f  

su lp h ite  o n  th e  f la v in  a b s o r b a n c e  a t  4 5 0 n m  sh o w e d  t h a t  a l th o u g h  o n ly  5 0 %  o f  th e  f la v in  

w a s  re d u c e d  b y  th e  s u lp h ite ,  a l l  c a t a ly t i c  a c t iv i ty  w a s  lo s t .  S in c e  th e  s u lp h ite - u n r e a c t iv e  

f la v in  w a s  s t i l l  a b le  to  o x id ise  s a r c o s in e  i t  w a s  p r o p o se d  t h a t  o n e  f la v in  m o ie ty  a c c e p te d  

r e d u c in g  e q u iv a le n t s  f r o m  th e  s u b s t r a t e  a n d  p a s s e d  th e  e le c t r o n s  o n to  th e  se c o n d  f la v in  

w h ich  re d u c e d  o x y g e n  to  h y d ro g e n  p e r o x id e . T h e  su lp h ite  in h ib ite d  th e  e n z y m e  b y  

re d u c in g  th e  se c o n d  f la v in  th u s  p r e v e n t in g  th e  r e o x id a t io n  s t e p .  T h e  s t u d y  a l s o  sh o w e d  

t h a t  on  r e m o v a l  o f  th e  n o n - c o v a le n t ly  b o u n d  F A D , th e  r e s u lt in g  s e m ia p o p r o te in  lo s t  9 8 %  

o f  i t s  a c t iv i t y  t o w a r d s  th e  s u b s t r a t e .  S a r c o s in e  w a s  u n a b le  t o  r e d u c e  th e  c o v a le n t  F A D  

w h e re a s  s u lp h it e  d id  r e a c t  w ith  th e  s e m ia p o p r o te in . T h i s  sh o w e d  t h a t  th e  s u b s t r a t e  w a s  

o x id is e d  b y  th e  n o n - c o v a le n t ly  b o u n d  F A D  w h ich  w a s  th e n  o x id is e d  b y  th e  c o v a le n t ly  

b o u n d  F A D  m o ie ty  w h ich  in  tu rn  re d u c e d  m o le c u la r  o x y g e n .

1 .2  E L E C T R O C H E M I S T R Y  O F  P R O T E I N S

1 .2 .1  D ir e c t  E le c t r o n  T r a n s fe r

E le c t r o c h e m ic a l  te c h iq u e s  sh o u ld  b e  id e a l  fo r  e x a m in in g  th e  p r o p e r t ie s  o f  

f la v o e n z y m e s  a n d  re d o x  p r o te in s  in  g e n e r a l . H o w ev e r a l th o u g h  p r o te in s  a r e  g e n e r a lly  

c h a r g e d  th e  p r o b le m  l ie s  in  b in d in g  th e m  in  a n  o r ie n ta t io n  t h a t  f a c i l i t a t e s  e le c tro n  

t r a n s fe r .  T h e  h ig h  o v e r p o te n t ia l s  r e q u ir e d  to  d r iv e  e le c tro n  t r a n s f e r  a l s o  te n d  to  d e n a tu r e  

th e  p r o te in . T h e  s t r o n g  e le c t r o s t a t ic  f ie ld  p re se n t  n e a r  th e  e le c t r o d e  s u r fa c e  h a s  a n  a d v e r s e

e ffe c t  on  th e  w e a k  e le c t r o s t a t ic  in te r a c t io n s  w h ich  m a in t a in  th e  n a t iv e  c o n fo r m a t io n  o f
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th e  p r o te in  w ith  th e  n e t  r e su lt  o fte n  b e in g  th e  ir r e v e r s ib le  a d s o r p t io n  o f  th e  p r o te in  o n to  

th e  e le c tr o d e  s u r f a c e  it s e l f .

A  se c o n d  f a c t o r  i s  t h a t  th e  a c t iv e  s i t e  i s  u s u a l ly  b u r ie d  d e e p  w ith in  th e  e n z y m e , 

t h u s  th e  d i s t a n c e  b e tw e e n  th e  r e d o x  a c t iv e  c e n tre  a n d  th e  e le c tr o d e  m a y  b e  su c h  t h a t  th e  

r a t e  o f  e le c tro n  t r a n s fe r  i s  to o  s lo w  to  b e  m e a s u r e d  (1 ) .  T h e  d is ta n c e  d e p e n d e n c e  a n d  

c o n s e q u e n t ly  th e  r a t e  o f  e le c tro n  t r a n s fe r  in  b io lo g ic a l  s y s t e m s  fo llo w s  a n  e x p o n e n t ia l  

r e la t io n s h ip , k  oc e x p ( - a d ) .  In  p r o te in s ,  d o u b lin g  th e  s e p a r a t io n  f r o m  0 .8  to  1 .7  n m  le a d s  

to  th e  t r a n s fe r  r a t e  fa l l in g  b y  « 1 0 4 . A  fu r th e r  d r a w b a c k  w ith  th e se  h ig h  o v e r p o t e n t ia l s  is  

t h a t  a n y  im p u r i t y  w ill a l s o  b e  tu r n e d  o v e r  b y  th e  e le c tro d e .

T h u s  e ith e r  th e  e le c tro d e  su r fa c e  h a s  to  b e  m o d if ie d  s o  a s  to  e n su re  t h a t  th e  

o r ie n ta t io n  o f  th e  p ro te in  w ith  re sp e c t  to  th e  su r fa c e  i s  o p t im is e d  o r  a  m e d ia t o r  i s  u se d  

w h ich  c a n  s h u t t le  e le c tro n s  to  th e  e le c tro d e , r e m o v in g  th e  re q u ir e m e n t  fo r  c lo se  a p p r o a c h .

1 .2 .2  M e d ia te d  E le c t r o n  T r a n s fe r

A  m e d ia t o r  se r v e s  a s  a  s h u t t le  b e tw e e n  th e  re d o x  c e n tre  o f  th e  p r o te in  a n d  th e  

e le c tro d e  su r fa c e .  I t s  r e a c t io n s  c a n  b e  s u m m a r is e d

E o x  +  S ------ ►  E red +  P

^red M ox----- * Eox +  M

Mred----► Mox + fi­

red

S z e n t r im a y  (1 9 )  l i s t s  th e  fo llo w in g  re q u ir e m e n ts  fo r  a n  id e a l  m e d ia to r :

1. W e ll d e f in e d  e le c tro n  s to ic h io m e tr y

2 . K n o w n  fo r m a l  e le c tro d e  p o te n t ia l

3 . B o th  h o m o g e n e o u s  a n d  h e te ro g e n e o u s  e le c tro n  t r a n s fe r  n e e d  to  

b e  f a s t

4 . T o  s t u d y  b io lo g ic a l  s y s t e m s  i t  m u s t  b e  so lu b le  in  a q u e o u s  m e d ia  

n e a r  p H  7
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5 . B o th  o x id is e d  a n d  re d u c e d  fo r m s  sh o u ld  b e  s t a b le

6 . I n te r a c t io n s  w ith  th e  r e d o x  p ro te in  sh o u ld  n o t  a f fe c t  th e  r e d o x  

p o t e n t ia l  o f  th e  m e d ia t o r

O r g a n ic  m o le c u le s  c o m m o n ly  u se d  a s  m e d ia t o r s  in c lu d e  v io lo g e n s , q u in o n e s , p h e n a z in e s  

a n d  p h e n y le n e d ia m in e s  (2 0 ) .  T h e  m o s t  c o m m o n  in o r g a n ic  m e d ia t o r s  a r e  fe r ro c e n e  

d e r iv a t iv e s .  S u b s t i t u e n t s  c a n  r e a d i ly  b e  in t r o d u c e d  in to  e ith e r  o r  b o th  c y c lo p e n ta d ie n y l  

r in g s .  A s  th is  p r o v id e s  a  m e a n s  o f  m o d u la t in g  th e  r e d o x  p o t e n t ia l ,  th e se  s y s t e m s  p o s s e s s  

s ig n if i c a n t  v e r s a t i l i t y .

1 .2 .3  M o d if ie d  E le c t r o d e s

A  p r o m o te r  c a n  b e  u se d  to  m o d ify  th e  su r fa c e  o f  a  m e t a l  e le c tr o d e  s o  a s  t o  b in d  

th e  p r o te in  in  a  m o re  fa v o u r a b le  o r ie n ta t io n  a n d  th u s  e n h a n c e  th e  r a t e  o f  e le c tro n  

t r a n s fe r .  A  p r o m o te r  i s  d i s t in g u is h e d  fro m  a  m e d ia t o r  b y  th e  f a c t  t h a t  i t  i s  n o t  

e le c t r o a c t iv e  a t  th e  e le c tro d e  p o te n t ia l  e m p lo y e d .

P io n e e r in g  w o rk  in  th is  f ie ld  w a s  c a r r ie d  o u t  b y  K u w a n a  (2 1 )  a n d  H ill (22) u s in g  

t in - d o p e d  in d iu m  o x id e  a n d  4 ,4 - b ip y r id y l  c o a te d  g o ld  e le c tro d e s  r e sp e c t iv e ly . A lb e r y , H ill 

a n d  c o -w o rk e r s  (2 3 )  c a r r ie d  o u t  a  m e c h a n is t ic  r o ta t in g - r in g  d is k  s t u d y  o f  th e  b ip y r id y l  

m o d if ie d  g o ld  e le c t r o d e /c y to c h r o m e  c s y s t e m . T h e ir  r e s u lt s  sh o w e d  t h a t  fo r  

e le c t r o c h e m is t r y  to  b e  o b s e r v e d  th e  p ro te in  m u s t  d i f fu s e  to  th e  e le c tr o d e  s u r f a c e  a n d  b y  

in te r a c t in g  w ith  th e  su r fa c e  m o d if ie r  a t t a i n  th e  m o s t  f a v o u r a b le  o r ie n ta t io n  fo r  e le c tro n  

t r a n s fe r .  F o l lo w in g  r a p id  e le c tro n  tr a n s fe r ,  th e  p ro te in  d i s s o c ia t e s  f r o m  th e  su r fa c e  a n d  

d i f fu s e s  a w a y  in to  th e  b u lk  s o lu t io n  ( F ig u r e  1 .2 ) . A  p r e r e q u is i te  fo r  r e v e r s ib le  k in e t ic s  w a s  

r a p id  a s s o c ia t io n  o f  th e  in c o m in g  p ro te in  a n d  su r fa c e  m o d ify in g  g r o u p .  S in c e  a d s o r p t io n  

c o m p l ic a t e s  e le c t r o a n a ly t ic a l  te c h n iq u e s , fo r  in s ta n c e  c y c lic  v o l t a m m e t r y ,  i t  w a s  

a d v a n t a g e o u s  i f  m o d if ie r s  p re v e n te d  ir re v e r s ib le  a d s o r p t io n  a n d  s u b s e q u e n t  d e n a tu r in g  o f  

r e a c t a n t  p r o te in  s y s t e m s .
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F ig u r e  1 .2  S c h e m e  d e p ic t in g  th e  m e c h a n is m  o f  a  p ro te in  r e d o x  

r e a c t io n  a t  a n  e le c tr o d e  s u r f a c e  (5 2 )



C h a p te r  1: I n t r o d u c t io n 31

1 .2 .4  C h e m ic a l ly  M o d if ie d  E n z y m e s

I n s t e a d  o f  c r e a t in g  a  m o r e  a m e n a b le  e le c tro d e  s u r fa c e  a n  a l t e r n a t iv e  a p p r o a c h  

w a s  to  m o d ify  th e  e n z y m e : i f  th e  m o u n ta in  w ill n o t  c o m e  t o  M o h a m m e d  th e n  

M o h a m m e d  m u s t  g o  to  th e  m o u n ta in .  I t  w a s  k n o w n  t h a t  r e d o x  e n z y m e s  c o u ld  t r a n s fe r  

e le c t r o n s  to  s m a l l  io n s  o r  m o le c u le s  w h ic h  se rv e d  a s  h o m o g e n e o u s  m e d ia t o r s  s h u t t l in g  

b e tw e e n  th e  e n z y m e  a n d  a  m e t a l  e le c tro d e  b u t  o n e  q u e s t io n  r e m a in e d : c o u ld  th e se  r e la y s  

b e  c o v a le n t ly  a t t a c h e d  to  th e  e n z y m e  w ith o u t  lo s s  o f  a c t iv i t y ,  t h u s  e n a b l in g  d ire c t  

e le c tro n  t r a n s fe r  f r o m  th e  F A D / F A D H 2  c o u p le  to  th e  e le c t r o d e ?  T h e  a n s w e r  c a m e  in  

1 9 8 7  w h en  H e lle r  (1 )  sh o w e d  t h a t  i f  f e r ro c e n e c a rb o x y lic  a c id  w a s  r e a c te d  w ith  a  

c a r b o d i im id e ,  th e  O - a c y liso u r e a  p r o d u c t  c o u ld  a c e ty la t e  a v a i la b le  p r im a r y  a m in e  g r o u p s  

o n  g lu c o s e  o x id a s e  to  y ie ld  a  c o v a le n t ly  m o d if ie d  e n z y m e  c a p a b le  o f  t r a n s fe r r in g  e le c tro n s  

to  a  m e t a l  e le c tro d e  (F ig u r e  1 .3 ) . S in c e  th e  r e la y s  re d u c e d  th e  e f fe c t iv e  d i s ta n c e  b e tw e e n  

th e  F A D  u n it s  a n d  th e  e le c tro d e , d p g ,  i t  fo llo w e d  t h a t  b y  in c r e a s in g  th e  n u m b e r  o f  

r e la y s ,  th u s  r e d u c in g  th e  in te r - r e la y , d R R , a n d  re la y - e le c tro d e , d R E , s e p a r a t io n s ,  th e  r a t e  

o f  e le c tro n  t r a n s fe r  c o u ld  b e  fu r th e r  e n h a n c e d .

B a r t l e t t  (2 4 )  sh o w e d  t h a t  g r e a te r  s t a b i l i t y  a n d  lo n g e v ity  w ere  o b ta in e d  i f  

fe r r o c e n e c a r b o x y lic  a c id s  w ith  lo n g e r  s id e c h a in s  w ere  u se d , n a m e ly ,  th e  a c e t ic  a n d  

b u ta n o ic  a c id  d e r iv a t iv e s .  M o re  re c e n tly  B a r t l e t t  (2 5 )  h a s  sh o w n  t h a t  g lu c o s e  o x id a s e  c a n  

b e  m o d if ie d  b y  t e t r a t h ia fu lv a le n e  ( T T F ) ,  t e t r a c y a n o q u in o d im e th a n e  ( T C N Q )  o r  th e  

o r g a n ic  s a l t  T T F - T C N Q .  T h e  im p l ic a t io n s  th is  r e su lt  h a s  o n  th e  m e c h a n is m  o f  e le c tro n  

t r a n s fe r  a t  c o n d u c t in g  o r g a n ic  s a l t  e le c tro d e s  a r e  d i s c u s s e d  in  l a t e r  c h a p t e r s .

1 .2 .5  F la v o e n z y m e  E le c t r o c h e m is t r y

1 .2 .5 .1  E le c t r o c h e m is t r y  o f  G lu c o s e  O x id a s e

B o c k r is  (2 6 )  h a s  u se d  d if fe r e n t ia l  p u lse  v o l t a m m e t r y  t o  in v e s t ig a t e  th e  

e le c t r o c h e m ic a l  b e h a v io u r  o f  G O D  a t  g r a p h ite  e le c tro d e s . H is  r e s u l t s  sh o w e d  t h a t  a  

v a r ie t y  o f  e le c tro n  t r a n s fe r  r e a c t io n s  w ere  p o s s ib le  d e p e n d in g  o n  th e  e x t e n t  o f  p ro te in
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LU

Ld

F ig u r e  1 .3  D ia g r a m  o f  a  g lu c o s e  o x id a s e  m o le c u le  r e a c t in g  a t  a

m e t a l  e le c tr o d e  p r io r  to  a n d  a f t e r  m o d if ic a t io n  

b y  in c o r p o r a t io n  o f  e le c tro n  r e la y s  ( 1 )
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a d s o r p t io n  a n d  r e s u lt in g  c o n fo r m a t io n a l  m o d if ic a t io n s .  I f  e x te n s iv e  p ro te in  u n fo ld in g  

o c c u r re d  th e n  e le c tro n  t r a n s fe r  f r o m  F A D  a d s o r b e d  d ir e c t ly  o n  th e  s u r f a c e  w a s  a  

p o s s ib i l i t y .  T h e  p e a k s  d u e  to  th e se  s t r o n g ly  a d s o r b e d  m o ie t ie s  w e re  u n c h a n g e d  o n  

a d d it io n  o f  g lu c o se .

T h e  re d o x  p o t e n t ia l  o f  G O D  h a s  b e e n  sh o w n  u s in g  p o te n t io m e t r ic  t i t r a t io n  to  lie  

b e tw e e n  -1 0 2  m V  a n d  -3 2 2  m V  (v s .  S C E  p H  =  6 )  ( 2 7 ,2 8 ) .  B o c k r is  o b s e r v e d  3 p e a k s ,  a t  - 

4 1 7 , - 3 0 2  a n d  -2 2 2  m V  (v s .  S C E  p H  =  6 ) .  T h e  f ir s t  p e a k  w a s  a t t r ib u t e d  t o  a  s t r o n g ly  

a d s o r b e d  s t a t e  w h o se  r e d o x  p o te n t ia l  w a s  sh if te d  m a r k e d ly  f r o m  t h a t  o f  fre e  G O D  in  

so lu t io n  o w in g  to  th e  s t r e n g th  o f  th e  su r fa c e  in te r a c t io n . T h e  p e a k s  a t  - 3 0 2  a n d  - 2 2 2  m V  

w e re  in  th e  p o te n t ia l  r a n g e  e x p e c te d  fo r  n a t iv e  G O D  in  s o lu t io n ;  h o w e v e r  th is  d id  n o t  

p re c lu d e  w e a k  a d s o r p t io n  s in c e  i f  th is  w ere  to  o c c u r  it  w o u ld  d o  s o  w ith o u t  p ro n o u n c e d  

c o n fo r m a t io n a l  c h a n g e  th u s  o n e  w o u ld  n o t  e x p e c t  to  o b se rv e  a  s ig n if ic a n t  sh if t  in  r e d o x  

p o te n t ia l .

B o c k r is  p r o p o se d  fo u r  p o s s ib le  s i t u a t io n s  w h ic h  c o u ld  e x p la in  h is  r e s u lt s  ( F ig u r e

1 .4 ) :

a .  D ir e c t  th ro u g h  s p a c e  e le c tro n  t r a n s fe r  f ro m  a  n a t iv e  G O D  m o le c u le  in  s o lu t io n  

n e a r  to  th e  e le c tro d e  su r fa c e .

b . E le c t r o n  t r a n s fe r  fr o m  a  w e a k ly  a d s o r b e d  G O D  m o le c u le  w h ich  h a s  r e ta in e d  

m u c h  o f  i t s  c o n fo r m a t io n a l  in te g r ity .

c . E le c t r o n  t r a n s fe r  fro m  a  s t r o n g ly  a d s o r b e d  G O D  m o le c u le  w h ich  h a s  b ee n  

p a r t i a l ly  d e n a t u r a t u r e d .

d . D ir e c t  e le c tro n  t r a n s fe r  f ro m  a  r e d o x  c e n tre  w h ich  h a s  d i s s o c ia t e d  c o m p le te ly  

fr o m  th e  e n z y m e  o w in g  to  th e  s e v e r ity  o f  th e  in te r a c t io n  w ith  th e  e le c tro d e  s u r fa c e .

In  o r d e r  to  d e te r m in e  w h ich  p e a k s  w ere  d u e  to  free  F A D  ir r e v e r s ib ly  a d s o r b e d  on  

th e  e le c tro d e  (26), B o c k r is  re c o rd e d  th e  e le c tro c h e m ic a l  r e sp o n s e  o f  a  20  /xM  G O D  

s o lu t io n . T h e  e le c tro d e  w a s  th e n  w a sh e d  a n d  in se r te d  in to  fre sh  e n z y m e -fre e  b u ffe r
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Figure 1.4 Schematic representation of enzyme interactions at a 

graphite electrode (26)
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solution and differential pulse voltammograms of the electrode before and after washing 

compared. It was found that the peaks at -417 and -222 mV were due to strongly 

adsorbed species. The former peak was probably due to FAD which had become 

completely dissociated from the enzyme owing to the extent of protein denaturation. 

Bockris concluded that since different adsorption states were present, the reduction peaks 

observed could not all be attributed to dissociated FAD. Moreover, it implied that GOD 

could assume more than one configuration on the electrode surface.

In 3M urea GOD undergoes partial denaturation whereas in 6M urea the 

holoenzyme breaks down yielding free FAD and the apoenzyme (1). Bockris found that at 

the lower urea concentration the peak at -417 mV increased markedly with respect to 

that at -222 mV, whilst at 6M urea the peak at -222 mV vanished completely and only 

that at -417 mV remained. It was apparent that the peak observed at -222 mV was due 

to strongly adsorbed holoenzyme whereas that at -417 mV was caused by free FAD.

Experiments carried out in the presence of glucose revealed that the magnitude of 

the reduction peaks at -222 and -302 mV was decreased in the presence of substrate: the 

implication being that these two peaks were from enzyme molecules which had retained 

their catalytic activity. As the peak observed at -417 mV remained unchanged it was 

either from dissociated FAD or from a catalyically inactive enzyme molecule. To account 

for the small change in the size of the reduction peaks Bockris proposed that only a few 

GOD molecules were of the weakly adsorbed yet catalytically active variety, the majority 

being strongly adsorbed yet catalytically inactive. Alternatively it was suggested that 

only one of the two FAD moieties per enzyme was available to interact with the incoming 

glucose molecule, the other having dissociated, and this semiapoprotein had a reduced 

catalytic efficiency.

1.2.5.2 Electrochemistry of Xanthine Oxidase

Early workers (30-34) had proposed that the mechanism of action of xanthine 

oxidase involved intramolecular electron transfer in the sequence Mo —► FAD —► Fe/S.
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However Massey and co-workers (35) showed that the actual electron transfer sequence 

was FAD —► Mo . The Fe/S centres connect the reductive and oxidative pathways of the 

reaction mechanism. In the reductive cycle they serve as electron sinks oxidising any 

Mo(IV) and Mo(V) to Mo(VI) thus ensuring a rapid rate of reaction with an incoming 

xanthine molecule. In the oxidative process where the final reaction step involved 

oxidation of FADH2 by molecular oxygen they regenerate reduced flavin. In later work, 

Bray (36) determined the absolute values of the reduction potentials using potentiometric 

titration and these showed good agreement with those found by Massey who had given 

the reduction potentials of the various couples relative to that of Fe/S(II) (35).

1.3 CONDUCTING ORGANIC SALTS

The search for electronic devices with ever-faster response times led workers to 

investigate the possibilities of creating synthetic or organic metals whose properties could 

be modified by altering specific substituent groups present in the constituent molecules. 

Several comprehensive reviews are available in the literature (37 and references therein).

1.3.1 Structural and Physical Properties

Tetrathiafulvalinium tetracyanodiquinomethanide TTF-TCNQ (38,39) is a 

molecular solid whose structure consists of discrete stacks of TTF and TCNQ (Figure 

1.5). Individual molecules are stacked face-to-face since this facilitates stabilising 

intermolecular tt-tt interactions which create a delocalised electronic system. From 

molecular orbital theory, orbital overlap of N discrete molecules produces a band with N 

states. The electrical conductivity is influenced by the degree of occupancy of the band, 

the extent of interstack interactions and the presence of structural defects. In TTF-TCNQ 

each molecule has a non-integral charge ie. T T F °'59+TCNQ°'59“ thus both components 

contribute to charge-transfer processes which give rise to electrical conductivity.
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TCNQ viewed normal to the stacking axis (37)
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F ig u r e  1 .6  S c h e m a t ic  r e p r e s e n ta t io n  o f  p o s s ib le  s u b s t r a t e -

e le c t r o d e  in te r a c t io n s  a t  a  T T F - T C N Q  e le c tr o d e  (3 7 )
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I t  i s  t o  b e  e x p e c te d  t h a t  r a t e s  o f  e le c tro n  t r a n s fe r  a t  c o n d u c t in g  o r g a n ic  s a l t  

e le c t r o d e s  a r e  d if fe re n t  f r o m  th o se  a t ,  s a y ,  a  p la t in u m  e le c tro d e , s im p ly  b e c a u s e  o f  th e  

d r a s t ic a l ly  d i f fe re n t  n a t u r e  o f  th e  e le c tro d e  su r fa c e s .  O r g a n ic  s a l t s  c o u ld  f a c i l i t a t e  sp e c if ic  

a d s o r p t io n  p r o c e s s e s  w h ic h  w ere  n o t  f e a s ib le  o n  m e ta l l ic  su r fa c e s .  A ls o ,  tt- tt in te r a c t io n s  

w ith  u n s a t u r a t e d  r e a c t a n t s  c o u ld  e n h a n c e  e le c tro n  t r a n s fe r ,  a s  c o u ld  h y d r o g e n - b o n d in g  o r  

o th e r  p o la r  in te r a c t io n s  o f  a  s im i la r  n a tu r e  (F ig u r e  1 .6 ) . A  d e t a i l e d  s t u d y  o f  th e  

e le c t r o c h e m ic a l  p r o p e r t ie s  o f  T T F - T C N Q  w a s  c a r r ie d  o u t  b y  J a e g e r  a n d  B a r d  (4 0 ) .  T h e y  

fa b r ic a t e d  p re s se d - p e lle t  e le c tro d e s  a n d  e x a m in e d  th e  e ffe c t o f  b a c k g r o u n d  e le c t r o ly te  on  

th e  n a tu r e  o f  th e  c y c lic  v o l t a m m o g r a m s  y ie ld e d  b y  th e  s y s te m . T h e y  fo u n d  t h a t  a l th o u g h  

th e  e le c tro d e  c o u ld  b e  o x id ise d  o r  r e d u c e d  in  a l l  e le c t r o ly te s , th e  p re s e n c e  o f  re v e r se  p e a k s  

w a s  d e p e n d e n t  o n  th e  so lu b i l i ty  o f  th e  io n  p a i r s  fo rm e d  d u r in g  th e  fo r w a r d  sw e e p . T h u s  

in  a  L iA c  so lu t io n , i f  th e  p o te n t ia l  e x c e e d s  + 0 .6 5 V  (v s  S C E )  d u r in g  th e  fo rw a rd  sw e e p  

th e n  s in c e  th e  a c e t a t e  s a l t s  o f  T T F +  a n d  T T F 2+  a r e  so lu b le , th e ir  r e d u c t io n  is  n o t  

o b s e r v e d  in  th e  re v e r se  sw e e p , w h ere  th e  o n ly  p e a k  p re se n t  i s  d u e  t o  th e  r e d u c t io n  o f  

T C N Q ° .  S im i la r ly ,  i f  th e  e le c tro d e  is  r e d u c e d  th e n  th e  o n ly  p e a k  w h ic h  is  o b s e rv e d  o n  th e  

su b se q u e n t  a n o d ic  sw e e p  is  d u e  to  th e  o x id a t io n  o f  T T F °  s in c e  th e  l i th iu m  s a l t s  o f  

T C N Q "  a n d  T C N Q 2'  a r e  so lu b le  a n d  c o n se q u e n t ly  lo s t  to  th e  s o lu t io n .

T T F - T C N Q  ( s ) ----- ►  T T F  + ( a q )  +  T T F 2+  ( a q )  +  T C N Q °  ( s )

T T F - T C N Q  ( s ) ----- ►  T T F °  ( s )  -|- T C N Q -  ( a q )  +  T C N Q 2'  ( a q )

H o w e v e r  in  a  K B r  so lu t io n  w h ere  s a l t s  o f  b o th  T T F  a n d  T C N Q  a r e  in so lu b le , 

r e tu rn  p e a k s  fo r  a l l  p r o d u c t s  a r e  o b s e r v a b le .

T h e  s t a b le  r a n g e  in  l i th iu m  a c e t a t e  o b s e r v e d  b y  J a e g e r  a n d  B a r d  s u r p a s s e d  t h a t  

p r e d ic te d  f r o m  in s p e c t io n  o f  th e  r e d o x  p o t e n t ia l s  o f  th e  in d iv id u a l  c o n s t i tu e n t s  

T T F ° / T T F +  ( + 0 .3 0 V )  a n d  T C N Q ° / T C N Q "  ( + 0 .1 9 V ) ,  b y  a n  a m o u n t  c o r r e sp o n d in g  to  

th e  e n th a lp y  o f  fo r m a t io n  o f  th e  c r y s t a l  l a t t i c e ,  w h ich  is  r e p o r te d  a s  b e in g  0 .3 9 e V  (4 1 ) .

1.3.2 Electrochemical Properties
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T h r e e  m e c h a n is t ic  r o u te s  a r e  p o s s ib le .  F i r s t ,  th e  c o n d u c t in g  s a l t  c a n  a d o p t  t r u e  

m e ta l l ic  b e h a v io u r ,  in  w h ich  c a s e  e le c tro n  t r a n s fe r  b e tw e e n  r e a c t a n t  a n d  e le c tro d e  

p ro c e e d s  v i a  s t a t e s  c lo s e  to  th e  F e r m i  le v e l o f  th e  e le c tro d e . In  T T F - T C N Q  th e se  s t a t e s  

a r e  a s s o c ia t e d  w ith  th e  T C N Q  c o n s t i tu e n t  (F ig u r e  1 .7 ) . S in c e  th e  c o n d u c t io n  b a n d  

a s s o c ia t e d  w ith  th e  T C N Q  s t a c k s  is  o n ly  p a r t i a l ly  fu ll  it  c a n  a c c e p t  a s  w e ll a s  d o n a te  

e le c tro n s  t h u s  f a c i l i t a t in g  re d o x  p ro c e ss e s . F o r  d ire c t  e le c tro n  t r a n s fe r  th e  e v id e n c e  p o in t s  

to  a  ro le  fo r  T C N Q ,  h o w e v e r  th is  d o e s  n o t  p re c lu d e  th e  in v o lv e m e n t  o f  a  lo w e r T T F  

s u b b a n d .

A lte r n a t iv e ly ,  i f  d if fe re n t  o x id a t io n  s t a t e s  o f  T T F  a n d  T C N Q  a r e  p re se n t  o n  th e  

e le c tro d e  su r fa c e  th e n  p a th w a y s  in v o lv in g  m e d ia te d  e le c tro n  t r a n s fe r  a r e  p o s s ib le  (F ig u r e  

1 .8 ) . H o w ev e r  s in c e  n o  la t t i c e  r e d o x  r e a c t io n s  a r e  o b se rv e d  in  th e  id e a l ly  p o la r is a b le  

re g io n  th is  im p l ie s  t h a t  th e  m e d ia to r  c o n c e n tr a t io n s  m u s t  b e  s m a l l .

A  th ir d  r o u te  in v o lv e s , w h a t  h a s  b ee n  te r m e d , “ re tro  c h a r g e - t r a n s fe r ”  (3 7 ) .  T h i s  

in v o lv e s  e le c tro n  t r a n s fe r  b y  re a c t io n  w ith  n e u tr a l  T T F °  o r  T C N Q °  p re se n t  o n  th e  

e le c tro d e  s u r fa c e  ( F ig u r e  1 .9 ) . T h e s e  sp e c ie s  m a y  b e  c r e a te d  e ith e r  b y  in i t ia l  d i s s o lu t io n  

o f  th e  T T F - T C N Q  c o m p le x  fo llo w e d  b y  p r e c ip it a t io n  o f  T T F °  a n d  T C N Q °  o r  m o r e  

s im p ly  b y  d ir e c t  f o r m a t io n  on  th e  e le c tro d e  su r fa c e  i t s e lf .  T h i s  p r o c e s s  w o u ld  o n ly  b e  

e n e r g e t ic a l ly  f a v o u r a b le  i f  th e  so lv a t io n  e n e rg y  o f  th e  n e u tr a l  sp e c ie s  c o m p e n s a te d  fo r  th e  

e le c t r o s t a t ic  l a t t i c e  e n e r g y  lo s t  b y  th e ir  fo r m a t io n . In  a n  o x id a t iv e  p ro c e ss , th e  in c o m in g  

s u b s t r a t e  m o le c u le  i s  o x id is e d  b y  o n e  o f  th e  n e u tr a l  e le c tro d e  sp e c ie s ;  th is  i s  fo llo w e d  b y  

o x id a t io n  o f  th e  o th e r  n e u tr a l  sp e c ie s  b y  th e  e le c tro d e , s in c e  b o th  io n ic  fo r m s  h a v e  b e e n  

r e g e n e r a te d  th e y  c a n  n o w  re c o m b in e . T h u s  “ re tro -c h a rg e  t r a n s fe r ”  i s  sy n o n y m o u s  w ith  

th e  th e o ry  o f  h e te ro g e n e o u s  re d o x  c a t a ly s i s ,  a s  p r o p o se d  b y  A lb e r y  (4 2 ) ,  c o n c e rn in g  th e

1.3.3 Redox Processes at TTF-TCNQ Electrodes

m e c h a n is m  o f  e le c tro n  t r a n s fe r  a t  th e se  e le c tro d e s .
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T C N Q  s u b b a n d

{(TTF°*59+)(TCNQ°*59~)}n +  D 

{(TTF0'59+)(TCNQ0’59-)}n +  A 

TTF s u b b a n d

{(TTF0’59+)(TCNQ0’59_)}n +  D 

{ (T T F °-59+)(T C N Q °-5 9 -)}n +  A

♦  D+ +  {(TTF°*59+)(TCNQ(°’59+1/n)-)}n

♦  A " +  {(TTF°*59+)(TCNQ(°*59-1/n)-)}n

♦  D+ +  {(TTF(°*59- 1/n)+)(TCNQ°*59“ )}n

♦  A " +  {(TTF(°*59+1/n)+)(TCNQ°-59-)}n

F ig u r e  1 .7  M e c h a n ism  o f  d ire c t  e le c tro n  t r a n s fe r  a t  a  T T F - T C N Q  

e le c tr o d e  (3 7 )

TCNQ modiation TTF mediation

F ig u r e  1 .8  M e c h a n ism  fo r  m e d ia t e d  e le c tro n  t r a n s fe r  a t  a  T T F -  

T C N Q  e le c tro d e  (3 7 )

oxidation 

- e '

TTF TCNQ

o .D+ D

i  r
TTF* TCNQ

reduction 

+ e"

o 1 o 
TTF TCNQ

r \

F ig u r e  1 .9  M e c h a n ism  fo r  r e t r o - c h a r g e  t r a n s fe r  p r io r  to  e le c tro n  

t r a n s fe r  a t  a  T T F - T C N Q  e le c tro d e
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Biosensors (43) aim to measure the concentration of the desired metabolyte or 

foodstuff in its natural environment with a minimum perturbation of the system. An 

enzyme electrode is a biosensor which functions by using a redox enzyme to turn over the 

substrate and then electrochemically reoxidises the reduced enzyme/cofactor thus using 

the substrate-dependent biochemical reaction to produce a measurable current. Glucose 

oxidase is the most comprehensively studied enzyme using this technique due in no small 

part to its exceptional stability (44-46). The heterogeneous electrochemical rate constant 

has been evaluated (46) and kinetic analysis of the experimental data has shown the rate 

determining step to be transport of glucose through a dialysis membrane (Figure 1.10). 

This property is a prerequisite for use of the electrode as a biosensor since its response will 

be unaffected by changes in enzyme activity.

Other enzymes investigated using TTF-TCNQ electrodes include choline oxidase 

(47) which oxidises choline and the subsequent reaction product betaine aldehyde and 

xanthine oxidase which sequentially oxidises hypoxanthine and xanthine (48).

In-vivo studies using GOD adsorbed on TTF-TCNQ microelectrodes have been 

used to measure glucose levels in the brains of live freely moving rats (47,49). A linear 

response was obtained with only a marginal loss of enzyme activity over a period of 10 

days. After 28 days the electrode response had fallen to half of its original value.

The mechanism of electron transfer at these electrodes has been the centre of 

much debate. Initially it was proposed that glucose oxidase reacted by homogeneous 

mediation (49,50). As mentioned above, Albery has suggested the reaction proceeds via 

heterogeneous redox catalysis (42). Recent work in the laboratories of Bartlett (25) has 

suggested that a modified enzyme might be involved though it is unclear whether the 

enzyme would remain on the electrode surface in its modified state or would return to the

1.3.4 Amperometric Enzyme Electrodes Using TTF-TCNQ

bulk solution.
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TTF-TCNQ

Enzyme Layer

Membrane

S = substrate 
P = product 

E = enzyme

Rate determined by either 1. transport of substrate across the membrane

or 2. enzyme kinetics 

or 3. electrode kinetics

Figure 1.10 Scheme depicting the action of a simple enzyme

electrode
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1.4 ORGANISATION OF THESIS

The next two chapters deal with the development of a series of electrochemical 

sensors using enzyme electrodes. Chapter 2 deals mainly with preliminary investigations 

of sensors for determining nitrate and creatine and an analysis of the 

xanthine/hypoxanthine system. Kinetic models for each system are devised using the 

theory developed by Albery and Bartlett (51). Chapter 3 is concerned with the 

development of a sucrose sensor using invertase, mutarotase and GOD. A kinetic model is 

used to explain the behaviour of this three enzyme system. Chapter 4 details the results 

of pressed pellet rotating TTF-TCNQ disk Pt-ring experiments including an investigation 

of nucleation phenomena observed on the Pt-ring. It also includes use of Nicholson/Shain 

(52) analysis to determine the second order rate constant for the oxidation of reduced 

glucose oxidase by TTF+. Chapter 5 is concerned with the use of a.c. impedance 

spectroscopy to elucidate the mechanism operating at these electrodes.
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CHAPTER 2
KINETIC MODELLING OF 
ENYZME ELECTRODES

This chapter details the initial development of enzyme electrodes for monitoring 

creatine and nitrate together with an investigation of the mechanism of the 

hypoxanthine/xanthine system (1,2). The kinetics of the three systems are different and 

theoretical models are proposed to explain the action of each sensor. The creatine sensor 

uses a two enzyme system in which only the second enzyme, sarcosine oxidase, is 

electroactive. In the case of hypoxanthine/xanthine a single electroactive flavoenzyme, 

xanthine oxidase, turns over the substrate, hypoxanthine, and the primary product 

xanthine. The nitrate sensor utilises a NADH-dependent enzyme, nitrate reductase.

Although the kinetics of the three systems are different, the underlying principles 

for the operation of each sensor are the same. The enzyme is trapped near to the electrode 

surface behind a semi-permeable cellulose acetate membrane. The substrate diffuses 

through the membrane and is turned over by the enzyme which is reduced. The reduced 

enzyme, or cofactor, is then oxidised by the electrode producing a current which is related 

to the substrate concentration.

The electrode response is governed by one of three processes: transport of 

substrate across the membrane, the kinetics of the enzyme reaction, or if electron transfer 

between the reduced enzyme and the electrode is slow the electrode kinetics. Complex 

behaviour where the response depends on the interplay between different factors is also 

possible. In order to use an enzyme electrode as a sensor it is desirable for the response to 

be governed solely by transport kinetics.
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2.1 EXPERIMENTAL

2.1.1 Chemicals and Solutions

TTF-TCNQ was prepared according to the method of Ferraris (3). All solutions 

were freshly made up each day using a stock pH 7.4 buffer containing 0.1M Na2HP04 

and 0.15M NaCl, the pH of the buffer having been adjusted to 7.4 using cone. HC1. All 

solutions were made using doubly deionised water (DDW) which had been purified by 

passage through an ion-exchange resin (Houseman) followed by circulation through a 

Milli-Q system (Millipore). All solutions were degassed using argon prior to and during 

electrochemical measurements. Creatinase [E.C. 3.5.3.3], sarcosine oxidase [E.C. 1.5.3.1], 

xanthine oxidase [E.C. 1.1.3.22] and nitrate reductase [E.C. 1.9.6.1] were obtained from 

Sigma and used as supplied (Table 2.1). The enzyme concentrations used were as follows : 

1000 U/ml creatinase and 7 U/ml sarcosine oxidase, 4.5 U/ml xanthine oxidase and 3 

U/ml nitrate reductase.

2.1.2 Membranes

Spectra/Por 2 dialysis membrane with a molecular weight cut-off (MWCO) of 

12000-14000 was used for the creatine and nitrate sensors. Spectra/Por 4, which has the 

same molecular cutoff as Spectra/Por 2, but is thicker and thus has a longer dialysis time 

was used for the xanthine/hypoxanthine system. The membranes were pretreated to 

remove impurities by soaking in a lOg dm"3 aqueous solution of Na2C 0 3 for 10 minutes. 

Membranes were stored in 10 mmol dm"3 Tris solution containing 1 mmol dm"3 EDTA 

at 4°C.

2.1.3 Electrodes

Working electrodes were fabricated in-house by Mr. M. Pritchard. A platinum 

disk connected to a brass contact was press-fitted into teflon with a recess (depth 1mm) 

to produce a cavity electrode. A 9:1 (w/w) mixture of TTF-TCNQ and polystyrene, 

acting as a binder, was packed into the cavity and left to air dry. The area of the
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TABLE 2.1

Commercially available enzyme preparations

ENZYME EC NUMBER SIGMA SOURCE

Creatinase 3.5.3.3 C 7024 Flavobacterium

Sarcosine

Oxidase 1.5.3.1 S 8764

Arthobacter

species

Xanthine

Oxidase 1.1.3.22 X 4500

Buttermilk

suspension

Nitrate

Reductase 1.9.6.1 N 7265

Aspergillus

species
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electrode used for the creatine and nitrate sensors was 0.0314 cm2. A larger electrode of 

area 0.3848 cm2 was used for the xanthine/hypoxanthine system. The electrode was 

pretreated by cycling overnight between -150 and +350 mV (vs. SCE). Saturated calomel 

electrodes made in-house were used as reference electrodes. Counter electrodes were made 

of platinum gauze.

2.1.4 Apparatus

Experiments were carried out using a modular electronics system designed in- 

house by Mr. J. Hooper. Bryans 60000 or Gould 273 chart recorders were used to record 

experimental results.

2.1.5 Experimental Procedures

A drop of enzyme solution was placed on the electrode and trapped behind a 

membrane which was secured by an “o”-ring (Figure 2.1). Care was taken to avoid 

trapping air bubbles. Excess enzyme was removed by copious washing with DDW. The 

electrode was poised at +250 mV for creatine and nitrate and +300 mV for xanthine /  

hypoxanthine and allowed to settle until a steady backgound current was reached before 

any substrate was added.

Experiments were performed using standard procedures (4,5).

2.2 CREATINE ELECTRODE

Creatine and phosphocreatine play significant roles in the storage and transport 

of phospate-bond energy (6). Phosphocreatine has a regulatory role as it maintains a 

steady ATP/ADP ratio, fluctuations of which would be harmful to the functioning of 

myofibrils, cation pumps and other ATP-dependent systems. Creatine is synthesised from 

arginine, glycine and methionine (7). It is eliminated from the kidneys in the glomerular 

filtrate but is reabsorbed in the renal tubules. Healthy individuals excrete very little 

creatine in their urine; creatinuria being indicative of kidney dysfunction and certain
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Figure 2.1 Diagram of a cavity electrode
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muscle disorders (7,8)* If an individual is suffering from such a condition the plasma 

creatine level exceeds that which can be reabsorbed by the kidneys.

The food industry is also interested in determining creatine levels since results 

appear to show that its concentration is directly related to the muscle protein content (8).

Two methods of analysis are currently in use. The first entails conversion of 

creatine to creatinine which is determined by the Jaffe reaction using sodium picrate (9). 

This has been criticised on the grounds that it lacks specificity. The second method is 

based on the reaction of creatine and 1-napthol and diacetyl (10,11).

Here a two-enzyme system was used in which creatinase (E.C. 3.5.3.3) hydrolysed 

creatine, producing sarcosine which was oxidised by sarcosine oxidase (E.C. 1.5.3.1), an 

electroactive flavoenzyme (5). The overall process can be summarised as follows:

creatine -f H20 ---- ► sarcosine +  urea

sarcosine +  H20  +  0 2---- ► glycine +  formaldehyde +  H20 2

This system, in conjunction with creatininase (E.C. 3.5.2.10), has been used in 

the diagnostic analysis of serum and urine creatinine levels (12).

2.2.1 Theory

The kinetic model (Figure 2.2) used is based on the theory of the steady state 

operation of an amperometric enzyme electrode as derived by Albery and Bartlett (13).

In analysing the enzyme kinetics it is assumed that a one substrate one product 

enzyme, Elt in this case creatinase, converts the first substrate creatine, P, to the 

intermediate product sarcosine, Q. This is oxidised to R by the second enzyme, sarcosine 

oxidase E2, which is simultaneously reduced to E2 . The overall reaction scheme is given 

by

Ki , K2 K3
P “I- Ej _̂___  EXP | * E^Q i * Ej -f- Q
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TTF-TCNQ

Enzyme Layer

Membrane

P = creatine 

Q = sarcosine

R = formaldehyde + glycine 

Ei = creatinase 

E2 = sarcosine oxidase

Figure 2.2 Kinetic scheme for the creatine electrode
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K4 , k 5 k 6
Q 4" E 2 i E 2Q t * E 2R i * Ei2 R

E2 ---- ► e 2

For each step it is possible to write an equilibrium constant of the form

Kn — kn\ k_ri 2.1

and the overall equilibrium between a given reactant and product can be described by 

KTDn where

k td 1  =  k 1k 2k 3 2.2

and Kt D2 =  K4K5K6 2.3

The transport of molecules through the membrane is governed by the mass

transfer rate constants kp, k^and kp where

kX =  D X K x  /  l m 2.4

Dx =  diffusion coefficient of P, Q or R 

Kx =  partition coefficient of P, Q or R 

Lm =  thickness of the membrane

The reduced enzyme E2 is oxidised on the electrode at a heterogeneous rate 

constant k;. The subscripts 00 and o are used to denote the concentrations of the various 

species outside and inside the membrane respectively. The electrolyte layer is assumed to 

have a thickness of the order of a few pm, thus there is no concentration polarisation.

In the steady state the flux j can be written as

j — k p (P oo  — P o) 2.5

=  L ( k+1 P0 • Ex — k . ^ P  ) 2.6

=  L ( k+2 EXP — k_2ExQ ) 2.7

=  E ( k+3 Eĵ Q — k_3Q0.E1 ) 2.8



C h a p te r  2: K i n e t i c  M o d e l l in g  o f  E n z y m e  E le c t r o d e s 56

Since E^" =  E j +  EjP  -f EjQ , then following substitution and rearrangement,

) - ‘ )  [ l  +  Q(K3) - ‘ 

KiK2k+3

+  Q(K2K3) - ‘]  +  (Lkcatl) - ‘

2.9

2.10

1 -  1 +  1 +  1 
kc a t l  k+2 K 2k +3 k +3

2.11

Using a similar treatment for E2

j =  L (k+4 Qq.E2 — k_4 E2Q ) 2.12

— L (k+5 E2Q — k_5 E2R ) 2.13

=  L (k+6 E2R — k_6 Ro.E2 ) 2.14

=  k'( E'2 )l/2 2.15

=  k p (  Rq — Rqq ) 2.16

As above, E J  =  E2 +  E2Q +  E2R +  E2 , then following rearrangement

¥  +  KTD2 fkV  +  j/ (  kR)] +  j / ( k'):(k')

+  K^k7?  ( :1 +  K i) [  Ro°  +  j/( k'R)] 2.17

with

and

k m I _ 1 + 1
kcat j  } 2 k+4 K4k+5

1 _ 1 + 1
:cat2 k+5 K5k+6

+

+

2.18

2.19
k+6

Now assuming there is no product inhibition, then,

P o -  Qo ( K T D 1 ) - ‘ ) [  1 +  Qo(K3)-1 +  Q o CKj K j ) - 1]
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+  (Lkcat) 1 +
K
W  + (L k ^ ) - 1 +_i

LQC Lcat (k'):
2.20

However the probability that a molecule of Q on completion of reaction 1 will proceed 

into phase 2 of the reaction scheme is given by

Prob ( Q — ► R ) = Lk+4E2
Lk_3E1 +  k q +  Lk+4E2

=  k, 2.21

where 0 <  kf <  1

Therefore substitution of eqn. 2.21 into eqn. 2.20 gives

E^+ eJ
j

(kCatl) * +  (kcat2) 1
L +

kf ( KT D l)  * )) 1

2.22

If E^j =  E^ +  E j  then following more manipulation and substitution for PQ,

EE _
V_1

(kcatl) +  (kcat2) +  J,̂ 2(k )
1 -

kpP oo

+ LPoo (1
____ i______ I h A  +
— kf (KXD1) *) \ kcat J x kf |

Km\
kcat/.

+  ( 1 - - ^
KM

kpPoo/ LK3(1 -  kffK-TD!)-1) p c a t j^ 1 +  ifc) +  U
E,

2/ kpPoo
2.23

This can be rearranged to give a Hanes-type equation of the form

P  OO _  1 2 - f P  OO ( l  — j  j
■j k ^g  ^ME \  kpPooy

2.24

where kj^Eis a second order electrochemical rate constant for the enzyme electrode at low 

substrate concentrations and is given by
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1 _  

KME
LE, (1 — ^f(^TDl)

_ J M  4.
-1) ^catj^  [^catj.

2.25

The constant KMEis the electrochemical equivalent of the Michaelis constant used 

in homogeneous enzyme kinetics. At substrate concentrations smaller than KME the 

enzyme electrode exhibits unsaturated kinetics with the current being determined by kj^g 

For concentrations greater than KME the electrode is described as being saturated, its 

response being governed by k£at,E the electrochemical equivalent of kcat.

K ME —

A fliiM l
L I m ,

E:4-
kf j kcatJ J  kp

B , Akf I Km
L +  LK3 I kcat

1 + + /\2 2.26

where A = and B =  (k^ ) - 1 +  (kcat2)
1 — kf (KTD1)_i

k-i

The second term in the denominator is a measure of the forward driving force or 

irreversibility of the first enzymatic reaction. Hence if K2, K3 and by implication K-pD1 

are large, then KMg reduces to

2.27

Similarly, l/kj^g is simplified to

1 _  1
k*k ME

LE,
KM-  +  i- Mcatji kf |kcatJ^ +  i7Kp

2.28

These kinetics are equivalent to a reaction mechanism in which the breakdown of
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the enzyme-substrate complex is sufficiently fast and energetically favourable so as to be 

essentially irreversible. Thus the reaction scheme will be of the form

K,
E, +  P 1 EXP Ei +  Q

K,
E2 +  Q E 2 Q ■+ E o R

In this system 

Prob ( Q - R )  = L k + 3 E 2 _  ^ 2.29
Ek+3E2 +  kq

Equation 2.24 can be further simplified by considering the limiting forms at high 

and low substrate concentrations.

At low substrate concentrations since Pqo tends to zero,

J =  kM E P oo = oo

LE,
1 [Km] , i f V

1 -  kf(KTD1) - ‘ \ kc a t/i kf \k Cat
+ Kp

2.30

Now the flux will depend on either the transport of substrate through the membrane or 

on the unsaturated enzyme kinetics. If mass transfer through the membrane is slow,

j — kpPoo 2.31

However if the converse is true and enzyme kinetics are rate limiting then since at low 

substrate kf ~1

j =
LE ĵP o o

2.32

At high substrate concentrations as Pqq becomes large the flux tends to a limiting value.
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1 _  ___1 + +
Jm ax L E s kc a t l  L E £ kcat2 ( k ')2E s

2.33

+
KM

LK3Es (1 -  ' *21 + K.

However as substrate concentration increases kf becomes smaller since as E2 is saturated 

kg becomes dominant and eqn. 2.33 reduces to

1 _  ___1 +  n r r ---  + --- ----~
jm ax  L E £ kc a t l  E E £ k c a t2  (k , ) 2E ^  E s ^ c a t .E

2.34

Returning to eqn. 2.24 and introducing a new parameter p where

P = [i/Ppo]
k ME

2.35

substitution of this into eqn. 2.24 gives

_  P '1- *  _y = 00 K 1 - PkME
ME kp

2.36

From a plot of y against p, the intercept at p =  0 gives kj^E whilst the intercept at y =0  

is a measure of the relative contributions of the transport and unsaturated enzyme kinetic 

terms to the heterogeneous rate constant, kj^E .

2.2.2 Results

The response of the electrode to aliquots of creatine is shown in Figure 2.3. In the 

first experiment the ratio of creatinase to sarcosine oxidase was 295:41 whilst in the 

second it was increased to 1000:6.6. The most striking feature in these plots is the 

which is clearly seen in Figure 2.3. As the concentration of creatinase 

relative to sarcosine oxidase is increased th».& j is reduced and the response at

low substrate concentration tends towards linearity.

Two factors that might reduce the observed current are the
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Figure 2.3 The effect of varying the enzyme concentrations 

on the electrode response to creatine.

[CREAMJ/M
0 CE:SCO=295:4l + CRE:SDD=1000:7
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oxygen effect (5) and product inhibition by formaldehyde (14). However neither of these 

can satisfactorily explain the experimental results. Firstly, an explanation based on the 

oxygen effect, in which dissolved oxygen competes with the electrode to reoxidise reduced 

enzyme, can be ruled out since if this were the cause of the anomalous behaviour it would 

have a more significant effect at lower sarcosine oxidase concentrations whereas the 

converse is true. Secondly, although formaldehyde inhibits the action of sarcosine oxidase, 

its effect is only significant at high concentrations.

The sigmoidal nature of the electrode response at low creatine concentrations can 

be accounted for if the sarcosine oxidase preparation is assumed to contain an impurity, I, 

which binds to the creatinase rendering it inactive (15). Consider the following 

equilibrium

El -----» E ;----» EP -----» EQ -----» E +  Q

At low substrate concentrations the equilibrium lies to the left with creatinase 

being predominantly in the El form. However as the substrate concentration is increased 

the equilibrium is shifted to the right as more creatine is now avalable and displaces the 

inhibitor.

Hoeffken and coworkers (16) determined the crystal structure of creatinase and 

have studied the nature of the binding site using the competitive inhibitor carbamoyl 

sarcosine which is a close analogue of the substrate creatine. The preparation of sarcosine 

oxidase contains EDTA and potassium gluconate. The former is known not to inhibit 

creatinase (12). However gluconate might have an adverse effect on the enzyme since its 

carboxylate and hydroxyl groups could enable it to bind at the active site (Figure 2.4).

In order to examine whether gluconate acted as an inhibitor a typical calibration 

plot was compared to a run in the presence of 8mM gluconate. From the results in Figure 

2.5 it is apparent that lower currents are obtained in the presence of gluconate and the 

system tends to saturate earlier.
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Figure 2.4 Schematic representation of the carbamoyl sarcosine 

binding geometry
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Figure 2.5 Inhibitory effect of gluconate on the electrode

response to creatine. Creatinase : sarcosine oxidase 

=  1000 : 7 U/ml.

0 2 4 6
[OWE] /mil

0 Smll G U JtM TE + CXJBRAHON
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Instead of showing a characteristic plateau at low creatine concentrations, the Hanes plot 

(Figure 2.6) initially decreases then increases again. This indicates that the electrode 

response is not governed solely by transport of substrate through the membrane. This 

result is not in disagreement with the hypothesis that enzyme inhibition is operating at 

low substrate levels. From the intercept at Poo= 0  it is possible to determine the 

heterogeneous electrochemical rate constant, kj^g, for the unsaturated electrode. This is 

found to be l.lxlO_5cm s-1. The mass transfer rate constant, kp , can be calculated from 

the intercept at y=0 from a plot of y against p (Figure 2.7). Since the intercept is 

approximately 1 this implies that mass transport is the dominant rate limiting factor at 

low substrate concentrations. The results are shown in Table 2.2. In order to use this 

system as a sensor for determining higher levels of creatine it would be advisable to have 

a higher concentration of better purity enzyme behind the membrane to ensure transport 

control.

An attempt was made to use the sensor to determine creatine levels in human 

urine. Although ascorbate was prevented from interfering with the electrode by adding 

ascorbate oxidase to the bulk solution outside the membrane, enough electroactive species 

were still present so as to mask the response due to creatine. Thus urine must be purified 

chromatographically using standard ion exchange columns before it can be analysed using 

this sensor (7).
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Figure 2.6 The Hanes plot for the creatine electrode using data in 

Figure 2.3. Creatinase : sarcosine oxidase =  1000 : 7 

U/ml
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Figure 2.7 The rho plot for the creatine electrode using the data 

in Figure 2.3. Creatinase : sarcosine oxidase=1000 : 7 

U/ml
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0.4 Io 0.2
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0.0



Chapter 2: Kinetic Modelling of Enzyme Electrodes 68

TABLE 2.2

Kinetic parameters for the creatine sensor 

Heterogeneous Rate

Constant, kj^E 1.1 x 10“5 tpn ^

Intercept at y=0

in the p-plot 1 =>■ kj^E=  kg

Intercept at p =  0

in the p—plot, (mM-1) 0.95 => KME — 1.1 mM
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2.3 XANTHINE /  HYPOXANTHINE ELECTRODE

As previously described in §1.2 xanthine oxidase plays an important role in 

purine catabolism. The commonest purines in the body are adenine and guanine and 

these undergo initial deamination to produce hypoxanthine and xanthine respectively. 

Then hypoxanthine (via xanthine) and xanthine itself are oxidised to produce uric acid 

see Figure 2.8 (17). Excessive xanthine oxidase activity results in overproduction of urate 

which because of its relative insolublity can precipitate out in the kidneys leading to the 

formation of kidney stones. It can also crystallize out in cartilaginous tissue in which case 

it causes gout. The aim of this section was to use a kinetic model to explain and compare 

the reponse to hypoxanthine and xanthine (1,2).

2.3.1 Theory

2.3.1.1 Response to Xanthine

To create a kinetic model (Figure 2.9) for the system it is convenient to first 

analyse the electrode response to the second substrate xanthine. Using a simple one- 

intermediate equilibrium model

k- f l  k+ 2
x  +  E " » e x  ;........» e ' +  u

k-i k-2

the flux, j, can be written as

j =  kx ( X oo — X 0 ) 2.37

=  L (k+1X0.E -  k^E X ) 2.38

=  L (k+2EX -  k_2U0.E/) 2.39

=  k'(E ')1/2 2.40

=  k(j( U0 -  Uoo ) 2.41
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OH

Hypoxanthine

Xanthine Oxidase

Xanthine

Xanthine Oxidase

Uric acid

Figure 2.8 The final stage of purine catabolism involves

hypoxanthine and xanthine intermediates

i
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TTF-TCNQ

Enzyme Layer

Membrane

X = xanthine 

U = urate

E = xanthine oxidase

Figure 2.9 Kinetic scheme for the xanthine electrode
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and since =  E +  EX +  E; then following substitution and rearrangement

EE _  1
j “ LXoo

+

KM

ccat
+

Lk, +

(k,)2KT D

+

Uoo
+ t

+
Ei

kX^oo

cat ' (k ')2 ' (k ')2K2i Uo o +d - 1 -
kx^oo,

2.42

If there is no product inhibition then

1 , JXqq _  1
j k ME

+  Xqq +
L k ca tE S  (k ; ) 2E s

1-
kx^oo.

with 1 _  
J —  
:M E

KM +
Lkc a tE i ;  kx

2.43

2.44

As in §2.2.1, the response at low substrate is governed by the rate constant lc{^E , 

whereas, at high substrate concentrations it depends on either electrode or enzyme 

kinetics.

If the enzyme-substrate complex EX is the predominant enzyme form ie. EX 

E;, implying that 1/Lkcat j/(k /)2 then the saturated enzyme kinetics are rate-limiting,

j 1Xqq _  1 , _ X o o _ l
j  k M E L k catE S '

1-
kx^oo,

2.45

Rewriting this in terms of the kinetic parameter p where

m o o )
p ~  k ' 

k ME

and substituting eqn. 2.46 into eqn. 2.45 gives

2.46

P- 1 -  1y =  — v—Aoo
k;k ME

L k ca tE E
1 _

kC
2.47

From a plot of y against p the intercept at p =  0 gives kME/LkcatE£ whilst the 

intercept at y =  0 compares kj^E and k^.

However if E* EX , implying j/(k /)2 1/Lkcat , then the response is 

governed by the electrode kinetics and
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Xqq _  1 , XqqJ i j ____ j
j kME (k')2EE V

2.48

Now,

/ _  P ~ l —  1 _  kME ( i _  PkME 
jXoo (k;)2Es  ^ k'x

2.49

Now the intercept at p =  0 gives kĴ jE/(k/)2E^. The intercept at y*= 0 remains 

unchanged.

2.3.1.2 Response to Hypoxanthine

To simplify the treatment it is convenient to consider the behaviour of the 

electrode at the extremes of (i) low and (ii) high substrate concentration separately.

2.3.1.2.1 Unsaturated Conditions

Under these conditons the enzyme is predominantly in the free or E form. The 

factors governing the kinetics of the system in this model are the unsaturated enzyme 

kinetics, transport of hypoxanthine from the bulk solution through the membrane and 

loss of the primary reaction product, xanthine, through the membrane before it can be 

turned over by the enzyme. The kinetic scheme for this system is shown in Figure 2.10.

The probability that a molecule of xanthine reacts with the enzyme rather than 

diffusing out through the membrane is given by

kME,X

kx

Therefore the overall flux is given by

j =  (1  +
n * ) L f e }  E * H°v '  H

2.50

2.51

Now if the concentration of hypoxanthine in the bulk is Hoc then,
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TTF-TCNQ

Enzyme Layer

Membrane

H = hypoxanthine

X = xanthine 

U = urate

E = xanthine oxidase

Figure 2.10 Kinetic scheme for the hypoxanthine system under

unsaturated conditions
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Thus eqn. 2.51 becomes

( i+  nx ) { i r 4  LEs kHn
_  __________________________  ̂ catj h ______________________

L f e }  E s  + k"

2.52

2.53

If kx • then, 
X

1 \ _L , 1 ) _  nQO =  1
!  +  n X \  kf, L k J  j  ( l  +  n x )k|^EtH

2.54

2.3.1.2.2 Saturated Conditions

Under these conditions since the free enzyme concentration, E, will be negligible 

the enzyme will be present either in its reduced form Ê  or in a complex with either 

hypoxanthine or xanthine, EH or EX respectively. At high substrate concentrations the 

rate of loss of xanthine through the membrane to the bulk becomes more significant. The 

kinetic scheme representing this case is shown in Figure 2.11.

Now if the overall flux, j, is given by

j — Jh +  Jx

j H =  flux due to hypoxanthine 

j x  =  flux due to xanthine

then since the system is following saturated kinetics, we have the following

Es  =  EH +  EX +  E' E ~  0

EE “
J h

Lkcat,H
Jx , J

Lkcatlx +  (k')2

2.55

+ 2.56
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2e' 2 e

E = xanthine oxidase 

H = hypoxanthine

X = xanthine 

U = urate

Figure 2.11 Kinetic scheme for the hypoxanthine system under

saturated conditions
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As xanthine is a reaction product of the oxidation of the primary substrate, 

hypoxanthine, j H >  j x  . If a new parameter A is introduced where,

A is a measure of whether the enzyme kinetics are sufficiently fast so as to be capable of 

oxidising xanthine before it can escape through the membrane to the bulk. Therefore, as 

j|_l -* j the greater the likelihood that a molecule of xanthine will escape before it can be 

turned over by the enzyme.

Substituting for A and remembering that j x =  j — j H , eqn. 2.56 becomes

Ee  =  A J _ l _______ !__ l  +  1 +  J _
j  \ L k cat,H L k ca t,x J L k cat,X (k 7) 2

2.58

If the enzyme kinetics are fast then j H ~  j x  and A ~  1/2 whereas if transport 

through the membrane is fast then j H ~  j and A ~  1.

2.3.2 Results

The response of the electrode to xanthine is shown in Figure 2.12. As outlined in 

the above theory the intercept at Xoo= 0  in the Hanes plot (Figure 2.13) enables the 

electrochemical rate constant k j^ to  be found. This has a value of 4.5xl0“ 5cm s-1. The 

normal rho plot (Figure 2.14) is a straight line with a negative gradient indicating that at 

high xanthine concentrations the electrode response is governed by the saturated kinetics 

of the enzyme. The intercept at y=0, kx /kj^E x , shows that both enzyme kinetics and 

transport of substrate across the membrane play a role in determining the electrode 

response at low xanthine concentrations. It also enables nx to be calculated. From nx 

one can determine a value for the rate constant, Lk]_. The modified rho plot is essentially 

linear with a slight positive gradient (Figure 2.15), thus showing that electrode kinetics 

do not of themselves control the response at high xanthine concentrations. If the converse 

wqj6 true then a straight line with a negative gradient would be observed. The results are
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e 2.12 Electrode response to xanthine. 4.5 U/ml xanthine 
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Figure 2.13 The Hanes plot for the xanthine electrode using the 

; data in Figure 2.12
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2.14 The rho plot for the xanthine electrode using data 

from Figure 2.12
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Figure 2.15 The modified rho plot for the xanthine electrode

using the data from Figure 2.12
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presented in Table 2.3.

Krenitsky (18) has shown that xanthine is turned over more rapidly by the 

enzyme than hypoxanthine, the relative rates being 170:130, ie. L k j=  0.76 Lk2. Hence 

the rate constant for reaction between hypoxanthine and xanthine oxidase can be found. 

Figure 2.16 shows a plot of the electrode response to successive aliquots of hypoxanthine. 

Since kME H is known from the Hanes plot (Figure 2.17), kH* can be evaluated and is 

found to be 3.6xl0-4cm s_1. This is almost six times as large as the mass transfer rate 

constant for xanthine, k^. Since the only structural difference between the two molecules 

is a single hydroxyl group it is unlikely this would have such a marked effect. On 

analysing possible errors in the experiment, assuming an error factor of 20 %, then errors 

in evaluating the mass transfer rate constants can introduce a factor of 3 into the 

calculation. By comparing the respective values of the unsaturated enzymatic and mass 

transfer rate constants it is apparent that the response at low substrate concentrations, 

for both xanthine and hypoxanthine, is determined by a combination of these processes 

and cannot be attributed solely to either enzyme kinetics or to transport across the

membrane alone.
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Figure 2.16 Electrode response to hypoxanthine. 4.5 U/ml xanthine 

oxidase
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Figure 2.17 The Hanes plot for the hypoxanthine electrode using 

data from Figure 2.16
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TABLE 2.3
Kinetic parameters for the xanthine/hypoxanthine system

Hypoxanthine Xanthine

Heterogeneous Rate 

Constant, kJ^E , cm s-1 8.9 x 10"5 4.5 x 10-5

Mass Transfer Rate 

Constant, kg, cm s-1 3.6 x 10“ 4 6.3 x 10-5

n x 0.7

Intercept at p =  0 15mM-1

in the p — plot => K me =  70 aiM
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2.4 NITRATE SENSOR

Vasodilators are molecules which affect the flow of blood by controlling the 

degree of blood vessel dilation. A common vasodilator is acetylcholine. Endothelium- 

derived relaxing factor (EDRF) is produced by the vascular endothelium and mediates 

the action of various vasodilators (19). As an example, a vessel from which the 

endothelium has been removed will fail to respond to the vasorelaxant action of 

acetylcholine. A similar result is observed in patients who suffer from diseases which have 

a deleterious effect on the endothelium such as artherosclerosis.

Furchgott (20) proposed that EDRF was itself NO since it was known that 

nitrovasodilators such as glyceryl trinitrate, which function by releasing NO, mimicked 

the behaviour of EDRF. Evidence supporting this theory came from a study using 

chemiluminescence techniques (20) which showed that EDRF and NO had similar 

properties: for example haemoglobin was known to be capable of binding both EDRF and 

NO and it also inhibited tissue relaxation. The investigation also showed that superoxide 

dismutase reduced the decay of both NO and EDRF indicating that 0 2 inactived both 

compounds. Thus the body could inhibit the action of EDRF via uptake by haemoglobin 

or enhance its action by using SOD to mop up any superoxide anions present which could 

react with NO to produce NO3.

Moncada et al (21) used NG-monomethyl-L-arginine (L-NMMA), a specific 

inhibitor of EDRF synthesis to confirm that EDRF was in fact NO. They monitored the 

basal forearm blood flow in a series of volunteers and observed the effect upon it of 

infusing L-NMMA. They found that the inhibitor caused a 50% reduction in basal blood 

flow and from their results suggested that endothelium-derived NO was continuously 

released in the forearm arterial bed where it attenuated basal blood flow and mediated 

the action of acetylcholine.

In neutral aqueous solution NO reacts with dissolved oxygen to produce N 02 

which then forms N 02 and NO3 according to the reactions shown below
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2N0 +  0 2 ---- ► 2N02

2N02 +  H20 ---- ► N 02 +  NO3 +  2H+

thus rather than trying to monitor the shortlived NO species it was more convenient to 

follow the nitrate concentration (19). This section deals with the preliminary development 

of an enzyme electrode to measure nitrate.

2.4.1 Theory

The theory used is essentially that derived by Albery and Bartlett (22). The key 

difference being that nitrate reductase reacts by using NADH to catalyse the reduction of 

nitrate thereby producing NAD+, as opposed to yeast alcohol dehydrogenase which uses 

NAD+ to oxidise ethanol creating electroactive NADH. Thus the present reaction is 

followed by monitoring the decrease in current as aliquots of nitrate are added to the bulk 

solution. The model assumes that excess NADH is present thus ensuring that the 

concentration of free enzyme, E, is negligible compared to the enzyme-cofactor complex 

E.NADH . It is also assumed that complex formation is sufficiently rapid to enable an 

equilibrium to be established between E and E.NADH (Figure 2.18).

If one assumes the presence of the following equilibria

k+1 k+2 k+3
E.NADH +  S , » E.NADH.S , » E.NADH.P > E +  NAD +  P

k_i k- 2

then the following series of equations can be written for the flux, j E,

— kg( Sqq — S0 ) 2.59

=  L ( k+1EH.S0 -  k-jES ) 2.60

=  L ( k+2ES -  k-2EP ) 2.61

=  Lk+3EP 2.62

Substitution followed by rearrangement gives
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JII

! k s

! Membrane
i kp1I
1____________

s c o
P©o

E = Nitrate Reductase 

S = N03'

p  = n o 2-

Figure 2.18 Kinetic scheme for the nitrate sensor
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Figure 2.19 Electrode reponse to nitrate. 3 U/ml nitrate reductase
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Figure 2.20 The Hanes plot for the nitrate electrode using data 

from Figure 2.19
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Figure 2.21 The rho plot for the nitrate electrode using data from 

Figure 2.19
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E s  =  + 1 A  je  )  +  ES
j E L S o o |k ca tJ L k cat \  k s S o o /  k sSoo

2.63

This can be converted to a Hanes-type equation of the form

Sqo_(x _  Je

where

II

J

1
Je k*k ME

1 _ 1
k / LEk ME

+
L k ca tE S ' kS^oo,

2.64

2.65

As shown in previous sections this can be rearranged to give a characteristic p- 

plot of the form

^kME ^_  p-1-  1 ________
 ̂ Xqq LkcatÊ ĵ

k ME 1 - k;KS
2.66

with p =  ^E/ Soa* 2.67
k ME

2.4.2 Results

The response of the electrode to additions of nitrate is shown in Figure 2.19. As 

can be seen it is essentially linear over a concentration range of three orders of magnitude, 

hence it is not surprising that the Hanes plot (Figure 2.20) shows that transport of 

substrate across the membrane is the rate-limiting process and governs the response at all 

substrate concentrations. From the intercept at Soo=0 a value of 9.2xl0-6cm s-1 is 

obtained for kj^E. The p-plot (Figure 2.21) shows that the intercept at y = 0  passes 

through p =  l confirming that membrane kinetics govern the electrode response.

2.5 CONCLUSIONS

The results presented in this chapter show that diverse enzyme systems, including 

coupled enzymes, can be used as sensors at TTF-TCNQ electrodes and their behaviour 

described adequately by modifications to the theory developed by Albery and Bartlett 

(13).



Chapter 2: References 93

REFERENCES
1. K. Mckenna and A. Brajter-Toth, Anal. Chem., 59, 954, (1987)

2. D. H. Craston, Ph. D. Thesis, Univ. of London, (1986)

3. J. Ferraris, D. O. Cowan, V. Walatka and J. H. Perlstein, J. Amer. Chem. 

Soc., 95, 948, (1973)

4. B. J. Driscoll, Ph. D. Thesis, Univ. of London, (1988)

5. L. J. Murphy, Ph. D. Thesis, Univ. of London, (1989)

6. J. B. Walker, Adv. in Enzymology, 50, 177, (1979)

7. E. Mussini, L. Colombo, G. De Ponte and F. Marcucci., J. Chromat., 305, 

450,(1984)

8. Z. Dvorak, Anal. Chim. Acta, 208, 307, (1988)

9. J. W. Dubnoff, in S. P. Colwick and N. O. Kaplan (Eds) Methods in 

Enzymology, 3, 637, Academic Press, New York (1957)

10. D. R. Anderson, C. M. Williams, G. M. Krise and R. M. Dowben, Biochem 

J., 67, 258, (1957)

11. A. H. Ennor and L. A. Stocken, Biochem J., 310, (1953)

12. Y. Matsuda, N. Wakamatsu, Y. Inouye, S. Uede, Y. Hashimoto, K. Asano 

and S. Nakamura, Chem. Pharm. Bull., 34, 2155, (1986)

13. W. J. Albery and P. N. Bartlett, J. Electroanal. Chem, 194, 211, (1985)

14. M. Suzuki, J. Biochem. (Tokyo), 89, 599, (1981)

15. K. J. Laidler and P. S. Bunting, The Chemical Kinetics of Enzyme 

Action, Clarendon Press, Oxford, (1973)

16. H. W. Hoeffken, S. H. Knof, P. A. Bartlett, R. Huber, H. Moellering and 

G. Schumacher, J. Mol. Biol., 204, 417, (1988)

17. A.L. Lehninger, Biochemistry, Worth Pub., New York, (1981)

18. R. C. Bray, The Enzymes 3rd Edn, Ed P.D. Boyer, Academic Press New 

York (1975)

19. R. J. Palmer, A. G. Ferrige and S. Moncada, Nature, 327, 524, (1987)



Chapter 2: References 94

20. R.F. Furchgott, in Mechanisms of Vasodilation vol IV, Ed. P. M. 

Vanhoutte, Raven New York, (1987)

21. P. Vallance, J. Collier and S. Moncada, Lancet, 28/9/89, 997

22. W. J. Albery, P. N. Bartlett, A. E. G. Cass and K. W. Sim,

J. Electroanal. Chem., 218, 127, (1987)



Chapter 3: Development of a Sucrose Sensor 95

CHAPTER 3

DEVELOPMENT OF A SUCROSE SENSOR

This chapter describes the development of an amperometric sensor to measure 

sucrose using a conducting organic salt enzyme electrode. The same methodology is 

employed as for the sensors described in the previous chapter, with the substrate diffusing 

through a semi-permeable membrane and undergoing a series of reactions. Three enzyme 

catalysed processes occur in the electrolyte layer trapped behind the membrane. First the 

sucrose is hydrolysed by invertase to yield a-D-glucose and /7-fructose. Then the a-D- 

glucose is isomerised to /7-D-glucose in a reaction catalysed by mutarotase. Finally /7-D- 

glucose is oxidised to /?-D-glucono-6-lactone. The reactions are summarised in the 

following equations

sucrose +  H20 ---- ► a-D-glucose +  /7-fructose

a-D-glucose---- ► /7-D-glucose

/?-D-glucose +  0 2 ---- ► /7-D-glucono-5-lactone

To date the majority of methods used to detect sucrose have involved using 

either a Clarke type electrode to monitor 0 2 consumption or a platinum anode to detect 

H20 2 formation (1-5). Coulet et al (2) adopted the latter approach and immobilised the 

enzymes on activated collagen membranes. Their work indicated that asymmetric 

coupling in which invertase and mutarotase were co-immobilised on one face and glucose 

oxidase on the other permitted better sensitivity than random co-immobilisation.

Scheller and Renneberg (4) used a platinum electrode to design an enzyme 

electrode which detected sucrose in the presence of glucose. They employed a multilayer 

system in which any incoming hydrogen peroxide or glucose was enzymatically converted 

to non-electroactive products by an anti-interference layer consisting of glucose oxidase 

and catalase. Sucrose molecules passed unscathed through this layer and entered a second 

enzymatic layer containing invertase and glucose oxidase where the eventual reaction
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product H20 2 was oxidised by the platinum electrode. Although they found that the 

response to sucrose was slow they failed to use mutarotase, relying solely on spontaneous 

mutarotation to produce the /?-glucose anomer.

Matsumoto et al (6) used flow injection analysis to design an enzyme reactor to 

simultaneously determine glucose, fructose and sucrose. A non-electrochemical approach 

was used by Nieman and Swindlehurst (7). They determined the concentration of any 

H20 2 produced via a chemiluminescence reaction with luminol.

3.1 EXPERIMENTAL

3.1.1 Chemicals and Solutions

The conducting organic salt and all solutions were prepared as in §2.1.1. Invertase 

[E.C. 3..2.1.26] was obtained from Sigma (TypeX I 4753) as were mutarotase [E.C. 

5.1.3.3] (M 5526) and glucose oxidase [E.C. 1.1.3.4] (Type VII G 2133).

3.1.2 Membranes

Spectra/Por 2 membranes obtained from Pierce were used in all experiments 

unless otherwise indicated.

3.1.3 Electrodes

All electrodes and other equipment were the same as in the last chapter. The 
TTf-'CMQ electrode. v\HL̂ f>cv\£cL at +3C0 mV (vc. s.c-irj 
Experiments were performed following standard procedures^) t

3.2. THEORY

In creating a kinetic model for this system it is convenient to consider the action 

of invertase separately from that of mutarotase and glucose oxidase.
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3.2.1. Mechanism of Invertase Action

A study of sucrose hydrolysis has shown that the products, D-fructose and D- 

glucose, inhibit the action of invertase (8). D-fructose was shown to be a competitive 

inhibitor and D-glucose a partial non-competitive inhibitor. Assuming that all equilibria 

are fast, then the reaction scheme shown in Figure 3.1 applies.

The subcripts o and oo are again used to denote concentrations inside and 

outside the membrane respectively. As glucose, P, is a non-competitive inhibitor it does 

not affect binding of sucrose, S, then since

EP =
Kc 3.1

and ES = K< 3.2

it follows that EPS = XV c
E.Po.S0*^0
KSKP

3.3

Similarly for fructose, F,

pp_ e .f0
e f - t ^

The flux, j, is given

j — kaES +  kjjEPS

=  ^ J ka +  A £ o
K Kr

3.4

3.5

3.6

Since the total enzyme concentration Eĵ  is given by

E ^= E +  ES -f- EF +  E -f- EPS 

Therefore substituting for the various enzyme complexes,

3.7

E = E,
1 4_ So , Fq Po . Pq.Sq 

Ks  +  KF +  Kp +  KpKs

3.8
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EF
i

k+3F
f

E
i

k+oS ES

k+4?

ka

EP EPS kb

E = Invertase 
F = Fructose 
P = Glucose 
S = Sucrose

Figure 3.1 Kinetic scheme for the action of invertase



C h a p te r  3: D e v e lo p m e n t  o f  a S u c r o s e  S e n s o r 99

Substituting eqn. 3.8 into eqn. 3.6 gives

J =

x{ka + ^ - ° }
KS fi , So , Fo . Po , Pq.Sq 
S o \  +  K s  +  K F +  K p +  K p Ks

3.9

Rearranging this expression

So =  
j

Kc

F0
Kp 1 + Po

K d

ka kbPo
Ko

+ 1

3.10

E,
- 1

This expression can be simplified by considering the relative magnitude of the 

terms in the denominator.

First assuming that,

ka d-
kbPQ
Ko E,

» 1 3.11

then it follows that

So =
j

K<

ka +  J l b f °  | E,Kr
^ F +  1 + S

3.12

Case 1

If Fo
K r >  i +  k then j  =_ KF

FoKs'ka + ̂ l E . SKr l°o 3.13
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Case 2
ka +  I E-iS,

However when f 1 +  ^  j  then j  =
Kr l̂ o

1 +  f e  K S

3.14

Case 2 can be further simplified as follows :

Case 2a: if 1 then j  =  ^ka +  3.15

Case 2b: alternatively if ^  1 then j  =  p +  kb^ 3.16

The extent of the inhibition due to fructose determines which case predominates.

3.2.2 Mutarotase/Glucose Oxidase System

Considering this two enzyme system separately (Figure 3.2) and applying the 

same analysis as used in the previous chapter, a series of simultaneous equations 

involving the flux, j ,  can be written

j  — L( k+4P0 .E2 — k_4E2P ) 

— L( k+5E2P — k_5E2Q )

=  L( k+6E2Q — k_6Q0 .E2 ) 

=  L( k+7Q0.E3 — k_7E3Q ) 

=  L( k+8E3Q — k_8E3R ) 

=  L( k+9E 3R — k_9Ro.E3 ) 

=  k'(E£)l/2

Introducing a  probability factor, k7 

Prob (Q — ► R) =  kf  = Lk+7E3
Lk+7E3 +  k q +  Lk_6E2

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25
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k+4 +̂5 k-H5
E2 + p0 ~  EjP —  ‘ E2Q ■ , Ej + Qo

k-4 k-5 k-6

k+7 k+9

E3+Qo — -----  E3Q —.------  E3R — ------ E'j + Ro

k.7 k_8 k-9

e '3 --------------►  E3

E2 = mutarotase 
E3 = glucose oxidase (oxidised) 
E3 = glucose oxidase (reduced)

Po = alpha glucose Q0 = beta glucose

R0 = gluconolactone

Figure 3.2 Kinetic scheme for the mutarotase /  glucose oxidase

system
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to describe the probability of a newly formed Q molecule reacting with E 3 and

rearranging eqns. 3.17-3.25 the following expression for Q0 is obtained

1 ' '2
L E 3kf \ k catJ,

Q< A  I ( R-00+ 7T"
K T D 3  W M  ° ° T ^

where / M  = _L + 1 + __1__
\ kcatJ k+7 K 7k+8 K 7 K 8k +9

3.26

3.27

and KTD3 — K7K 8K 9

Similarly, introducing a  probability factor for P 

Prob ( P — ► Q ) =  k g =  L k + 4 E 2
Lk+4E2 +  kp

therefore,

3.28

3.29

KM + KMpo — J __ ________  __
L E 2kg j k cat| E E T D 2 E 3kfk9 I kcat

+
E T D 2 E T D 3 E 3kfkg(k/ j ( k(

3.30

1where < 1 =  A -  +  ----- 1- . .  u  ,
\ kcat J 2 k +4 K 4 k+5 K 4 K 5k +6

3.31

and KTD2 =  K4 K 5K 6 3.32

Since the final product D-glucono-6-lactone does not inhibit the action of glucose oxidase 

eqn. 3.30 reduces to

_  J KM + J K M
°  LE2k glk ca tf ' LKTD2E3kf kgl kcat 3.33

3.2.3 Overall Model for Sucrose

The equations derived in §3.2.1 and §3.2.2. can be combined to obtain an overall 

picture of the sucrose system (Figure 3.3).
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3.2.3.1 Case 1

Rearranging eqn. 3.13 and substituting for PQ using eqn. 3.33

i= _ M _
j  KpEj^kgSo

kb
LKpka

1E2kg +
2

1
K T D 2 E 3kfk 9

3.34

since j=kg(Soo  — S0), then

1J  KsF 1 \ 1
j  ^K FE|ka kgySoo

LKpka
1 k m

E2kg | kcat + KT D 2
i___ f ME3kfkg|kcatJ kŜ ooy 3.35

Since mutarotase and glucose oxidase exhibit much faster kinetics than invertase

1- f J W  + i k
j - l K p E ^ a  ' k ' / S

3.36
oo

3.2.3.2 Case 2

Case 2a: Substituting for P0 in eqn. 3.15 and assuming that mutarotase and 

glucose oxidase act far more rapidly than invertase then,

• kaEjSo 
J_ ~ ^ s ~  -

kaE^
Ks

oo 1-
KS °o o

3.37

i= ___ _____
J K s ka j

E1 ^
3.38

Case 2b: In this case a nonsense solution was obtained with j  tending to infinity. 

Inspection of eqns. 3.36 and 3.38 shows that Case 1 incorporates a  fructose

dependent term whilst Case 2a does not. Thus an investigation of the variation of flux as 

a function of fructose concentration can be used to distinguish between the two cases.
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3.3. R ESU LTS

3.3.1 Adsorbed Enzyme Electrodes

In order to investigate the contribution of adsorbed species to the overall 

electrode response 20/d of enzyme solution containing invertase, mutarotase and glucose 

oxidase in the ratio 140:140:14 was left to air-dry on the electrode surface. Excess 

material was washed from the surface using DDW. The response was compared to that 

from a membrane electrode using the same enzyme system. The results are shown in 

Figures 3.4 and 3.5. It is clear that the enzymes in the electrolyte layer play an important 

role in determining the electrode response, however the contribution to the overall flux 

from adsorbed species is also significant. Although the limiting current, imax, differs by a 

factor of two in favour of the membrane electrode, the current at low substrate 

concentrations is more comparable, suggesting that at these concentrations transport of 

substrate is at least partially responsible for determining the electrode response.

The transients shown in Figure 3.6 reveal an interesting phenomenon, namely, at 

high concentrations there is an initial drop in the electrode response on addition of 

substrate. This was previously observed by B. J .  Driscoll in relation to a  choline electrode 

(9). The effect is present regardless of whether or not a  membrane is used.

The following conclusions can be made from the above results. First, the enzymes 

must adsorb strongly otherwise they would either be washed off by DDW prior to the 

experiment or would desorb during the experiment itself causing a downward drift in the 

observed current. Second, the enzymes are sufficiently robust to be able to withstand air- 

drying on the electrode surface without significant loss of activity.

It is worth noting that although the three enzymes are randomly adsorbed, the 

substrate can diffuse from one active site to another quite rapidly since the transients in 

the absence of the membrane were quicker than when a membrane was used. A possible 

explanation is that in the adsorbed system a-glucose, released by hydrolysis of sucrose,



C
U

R
R

E
N

T
 

D
E

N
S
IT

Y
 
n

A
/
o

m
S

C h a p te r  3: D e v e lo p m e n t  o f  a S u c r o s e  S e n s o r 106

Figure 3.4 Comparing the response of membrane and adsorbed 

enzyme electrodes
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Figure 3.5 Investigating the lifetime of adsorbed enzyme 

electrodes
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□ OHRS + 24 HRS
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Figure 3.6 Transients for the addition of sucrose to the system at 

high substrate concentrations

Adsorbed Enzyme

Membrane
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has a  shorter distance to diffuse to mutarotase, the next enzyme in the sequence, than in 

the soluble enzyme system. Similarly for (3-glucose and glucose oxidase. This result also 

supports the suggestion above that transport of substrate through the membrane is rate- 

determining.

In order to investigate its long term response an adsorbed enzyme electrode was 

stored overnight in buffer solution under ambient laboratory conditions and its response 

measured after an interval of 24 hours. The results are shown in Figure 3.5. A fall-off in 

response of approximately 50% was observed.

3.3.2. Reproducibility and Lifetime of Electrodes

The reproduciblity of enzyme electrodes is determined by two factors. First the 

ability of the organic salt to oxidise reduced enzyme depends on the nature of electrode 

surface and can vary by upto 50% depending on the surface roughness of different 

electrodes. Thus all experiments investigating reproduciblity were carried out with the 

same electrode. The second factor is the stability of the enzymes used.

The data shown in Figure 3.7 was collected from two experiments using the same 

enzyme solution on consecutive days with the electrode having been left overnight in 

buffer solution under ambient laboratory conditions. Figure 3.8 shows the response at low 

sucrose concentrations. The enzyme mixture consisted of invertase, mutarotase and 

glucose oxidase in the ratio 145:1419:71. Excellent reproducibility, in excess of 90% was 

obtained. The electrode response was shown to be effectively linear over a  range of three 

orders of magnitude, from 25^M to llm M .

3.3.3. Effect of Membrane Thickness

In order to investigate whether membrane kinetics determined the electrode 

response at low substrate concentrations, results obtained using Spectra/Por 2 and 

Gallenkamp membranes were compared (Figure 3.9). Both membranes have the same 

molecular weight cut-off. Since the membrane supplied by Gallenkamp is approximately
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Figure 3.7 Reproducibility of the sucrose membrane electrode
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Figure 3.8 Reproducibility of the sucrose sensor at low sucrose 

concentrations

[SUCROSE]/mM
□ OHRS + 24 HRS
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Figure 3.9 Effect on the electrode response of increasing the 

membrane thickness
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25 times thicker than that obtained from Spectra/Por, the mass transfer rate constant kg 

for sucrose should be decreased by a  factor of 25. Thus if the response at low substrate 

concentrations was indeed determined by transport kinetics then the transients should be 

significantly slower in the experiment using Gallenkamp membrane. However as can be 

seen in Figure 3.10 there was no significant change in the transients obtained when 

Gallenkamp membrane was used. This suggests that the electrode response is governed 

primarily by enzyme kinetics, even at low sucrose concentrations.

Although the maximum current was greater using the Gallenkamp membrane the 

difference was only 15% and this lay within the bounds of experimental error since it was 

a one-off experiment.

3.3.4. Investigation of the Rate Determining Step

The preliminary experiments mentioned above used an excess of mutarotase to 

ensure that any a-glucose was rapidly converted to the /?-anomer. In order to determine 

which of the enzymatic processes was rate-limiting a series of experiments was performed 

in which the ratio of the enzymic activities was varied and the results compared with 

calibration plots using glucose oxidase (Figures 3.11 and 3.12).

The results show that hydrolysis of sucrose by invertase is the slowest enzymatic 

process. At first sight this appears to contradict the result expected from inspection of the 

kinetic parameters given in Table 3.1. These would suggest that the action of glucose 

oxidase would govern the overall rate. However the results become explicable if one 

considers the nature of the pH profiles of invertase, mutarotase and glucose oxidase.

The optimum pH for glucose oxidase action is 6.5 but the enzyme retains >95%  

of its maximal activity at pH 6.0 and 7.0 and possesses approximately 75% maximal 

activity at pH 8.0 (10). Thus at the pH used in this investigation, 7.4, glucose oxidase is 

operating at near maximum efficiency. The same is true for mutarotase which is almost 

pH independent between 6.5 and 7.5 (11).
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Figure 3.10 Comparison of the transients obtained using Spec2 and 

Gallenkamp membranes
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Figure 3.12 Effect on the electrode response of altering the 

enzyme ratios
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TA BLE 3.1

Kinetic parameters for glucose oxidase, mutarotase and invertase

kcat ( s '* )  kc a t / %  (M' ls_1)

Glucose Oxidase 2.1 x 104 6.4 x 105

Mutarotase 2.5 x 105 1.8 x 107

Inver fcase 1.1 x 105 4.3 x 106

5.5 x 103 2.1 x  105Invertase pH=7.4
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The optimum pH for invertase action lies between 3.5 - 5.0 (11). Under more 

acidic conditions there is a sharp fall-off in enzyme activity whilst on the alkaline side of 

the optimum range there is a  slower decline. Studies of the pH dependence (12-24) have 

led to the conclusion that the active site contains an unprotonated COO-  group for 

substrate binding and a  protonated histidine residue involved in substrate cleavage. 

Further work remains to be done to determine the role, if any, of SH- containing cysteine.

Therefore at pH ~  7.4, with the histidine in its unprotonated form, invertase 

activity is reduced to a  mere few per cent, ca.4%, of that seen under optimal conditions 

(25). Hence the value of the unsaturated rate constant, kcat/K M , is reduced to ~  2 x 

105 M-1s-1 making the hydrolysis of sucrose the rate determining process.

3.3.5. Inhibition by Fructose

Two types of experiments were carried out in order to determine the effect of 

fructose on the system. The first involved monitoring the response to sucrose in the 

presence of high ambient fructose concentrations. The second consisted of adding aliquots 

of fructose to a solution containing a  fixed sucrose concentration (8 mM) and observing 

the decrease in current.

The results (Figures 3.13 and 3.14) clearly illustrate that inhibition by fructose 

occurs. Thus the system obeys Case 1 rather than Case 2a and exhibits behaviour of the 

form predicted in eqn. 3.36

1_ ( KsFp
j “  l K p E ^ a k's ) Soo+
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Figure 3.14 Effect of adding fructose to a  solution at a  fixed 

sucrose concentration

[FKC]/mM
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3.3.6. Determining Sucrose Levels in Soft Drinks

Diet Coca-Cola ( (c) Coca Cola Company ), which contains an artificial 

sweetener, aspartame, and purports to contain no sucrose was analysed together with 

two sucrose containing soft drinks, Pepsi ( ©  Pepsi Inc. ) and 7-UP ( (c) Seven-Up 

International ).

A 1971:1987:200 enzyme mixture was used for this series of experiments. In order 

to investigate whether any poisoning of the electrode occurred, calibration plots (Figure 

3.15) were taken before and after the soft drinks had been tested. The response to the 

respective drinks is shown in Figures 3.16 and 3.17. It is apparent the electrode could 

distinguish between sucrose and non-sucrose containing soft drinks since the response to 

Pepsi and Diet Coke differed by over two orders of magnitude. The results showed that 

Pepsi had a  marginally higher sucrose content than 7-Up, 0.5M compared with 0.44M. 

This corresponds to approximately 160g sucrose per litre of soft drink.

The transients presented in Figure 3.18 show that 90% of the steady state 

response was reached within 150 s. This compares favourably with the transients obtained 

in the calibration plot using sucrose.

3.4 DISCUSSION

In summary, the above chapter has detailed the development of an amperometric 

sensor for measuring sucrose using a  TTF-TCNQ electrode. It has been shown that at the 

pH used in these experiments the electrode response is determined by the kinetics of 

invertase action. The optimum pH range for invertase lies between 3.5 and 5 but this is 

precluded from use since the organic salt is unstable below pH 5. A theoretical model has 

been described which is capable of accounting for the observed inhibition by fructose. The 

sensor was tested on samples of soft drinks and has shown itself to be capable of 

distinguishing between those which contain sucrose and those which do not. Exposure to 

potential contaminants present in these samples did not have a deleterious effect on the
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3.15 Calibration plots showing the electrode response 

prior to and after testing the soft drink samples
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Figure 3.16 Electrode response to aliquots of Pepsi, 7-UP 

and Diet Coke. VcUimaju * 2-0 wt£.
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Figure 3.17 Electrode response to Diet Coke
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Figure 3.18 Comparing the transient obtained with Pepsi with that 

from the calibration plot
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electrode: the response upto 3mM being reproducible to within a  few per cent whilst at 

9mM the limiting currents differed by approximately 20%. Since none of the enzymes 

used is prohibitively expensive, it is possible to use high enzyme concentrations behind 

the membrane and it is suggested that a  mixture consisting of invertase, mutarotase and 

glucose oxidase in the ratio 2000:2000:200Ufesuitable for detecting sucrose.
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CHAPTER 4
MECHANISTIC STUDIES USING 

ROTATING DISK AND RING-DISK TECHNIQUES

This chapter describes an investigation of the mechanism of electron transfer at a 

TTF-TCNQ  electrode using rotating disk and ring-disk techniques. The proposed theories 

are outlined in the early part of the chapter together with a  review of the work done to 

date on elucidating the nature of the mechanism. A more rigorous mathematical 

treatment is given in Appendices A, B and C. Initial experiments were done using a 

pressed pellet TTF-TCNQ  disk/Pt-ring electrode. A series of experiments in which the 

ring potential w a s  swept between +0.8V  and —0.5V showed the presence of nucleation 

phenomena at the Pt-ring electrode. The latter half of the chapter is devoted to 

examining the nucleation properties of glucose oxidase and other enzyme systems using a 

Pt-disk electrode.

4.1 AN OVERVIEW

The earliest work was done in the laboratories of J .  J .  Kulys (1). He determined 

the second order rate constant for the oxidation of reduced glucose oxidase by NMP, 

T C N Q ° and TCNQ-  under conditions where the enzyme was saturated. The maximum 

rate was observed using TCN Q ° for which a value for the second order rate constant km, 

for oxidation of GOD was 3xl06 M-1s-1 (2). Kulys proposed that a  mediator, M, 

dissolved from the electrode into the solution and underwent a  homogeneous reaction in 

the solution, with reduced glucose oxidase, G O D ^ , producing reduced mediator 

which could diffuse away into the bulk or was able to return to the electrode to be 

reoxidised. In order to account for the currents obtained, Kulys predicted that a  mediator 

concentration of 13.5/xM was present. He added that this concentration could be much 

lower depending on the roughness of the electrode: a  rougher electrode implied an 

increased surface area. An anomaly in Kulys’ work was that he used potassium phosphate
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buffer and K +TCNQ- is virtually insoluble thus making it difficult to justify his result.

In a series of experiments using cytochrome b2 and peroxidase, Kulys (3) 

investigated the possible role of adsorption of enzyme on NMP-TCNQ and its effect, if 

any, on the mechanism. His results showed that the response time of electrodes with 

preadsorbed enzyme was ten times faster than that of electrodes where adsorption was 

still an ongoing process. He concluded that an electrocatalytically active complex (EAC) 

was formed after enzyme adsorption and that its formation was rate limiting.

Craston (4) used rotating Pt-ring/TTF-TCNQ pressed pellet or NMP-TCNQ 

cavity filled disk electrodes to try and accurately measure the solubility of any TCNQ 

species present. In each case the surface concentration of the mediator was found to be <  

10- 7 M-1. However the solubility experiments were carried out in the absence of enzyme 

thus ignoring the effects of any solubilisation processes. It was also shown that, assuming 

the maximum rate for oxidation via TCNQ° was 3xl06 M- 1s- 1  then the predicted 

limiting current was an order of magnitude less than that actually observed. Thus it was 

assumed that the mechanism involved direct electron transfer between the enzyme and 

the electrode.

Experiments by Bartlett (5) using single crystal electrodes gave results which 

indicated a half-order dependence on enzyme concentration. This could not be explained 

by a mechanism involving direct electron transfer but was consistent with the Kulys 

model. However the original objections to that theory remained.

In order to account for the half order behaviour a new theory, heterogeneous 

redox catalysis, was proposed by Albery and Bartlett (6 ). This held that there was a 

surface equilibrium between the organic salt A+B_ and energetic neutral species A ° and 

B °, the former being oxidised by the electrode to A+ and subsequently recombining with 

B_, produced upon oxidation of the reduced enzyme by B °.

Driscoll (7) studied the dependence of current on enzyme concentration, rotation
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speed and electrode potential at high substrate concentrations. He found that the 

diagnostic plots favoured the homogeneous mediation theory. However the heterogeneous 

redox model proved superior when it came to accounting for the variation of current with 

electrode potential. It was capable of providing a qualitative explanation for the observed 

behaviour but failed when it came to explaining the experimentally determined rate 

constants. Results obtained using membrane electrodes did not point conclusively to one 

mechanism or the other. It was concluded that neither theory in its present form could 

adequately account for the observed behaviour.

Murphy (8 ) studied the mechanism using a rotating Pt-ring TTF-TCNQ disk 

electrode. A major flaw in the heterogeneous redox catalysis mechanism was its complete 

inability to explain the observed first order dependence on substrate. The homogeneous 

mediation model was also found to give a better explanation of the observed variation of 

current with electrode potential at all substrate concentrations. The heterogeneous redox 

model was unable to account for the observed enzyme dependence when this was 

considered in conjunction with the associated rotation speed behaviour. The potential 

dependence of the ring current could be accounted for by either model. Qualitatively, the 

observed collection efficiency followed the homogeneous model but the magnitude was 

approximately half of the expected value. The results suggested that some form of 

mediated process was in operation.

Work in the laboratories of Bartlett (9) has shown that glucose oxidase can be 

modified by the incorporation of electron relays such as TTF-TCNQ, TTF or TCNQ. The 

modified enzyme was shown to be capable of transferring electrons to a Pt-electrode 

poised at ca. +400mV (vs. S.C.E.). Modification of the enzyme effectively increases the 

solubility of neutral mediator species such as TCNQ° by providing a hydrophobic

environment which enhances the concentration in solution.
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4.2 AN INTRODUCTION TO TIIE THEORIES

The mathematical treatment of both the homogeneous mediation and 

heterogeneous redox catalysis mechanisms relies on using systems of dimensionless 

parameters to explain the variation in the flux, j, at an organic salt enzyme electrode. 

The consistency of case diagrams drawn up using these variables can be tested by 

deriving expressions for the respective case boundaries and showing that these can be 

simplified to yield the equations describing the behaviour of the individual cases 

separated at that particular interface.

4.2.1 Homogeneous Mediation

This can be described by the following equations

E +  S -----► E' +  P

E' +  M -----► E +  M'

M; -----► M

The mechanism (Figure 4.1) deals with an enzyme electrode where electron transfer 

between the reduced enzyme, E*, and the electrode is facilitated by a mediator, M, 

reacting homogeneously in solution. The second order differential equations describing the 

diffusion and reaction kinetics of the enzyme and the mediator in the electrode diffusion 

layer are solved in terms of dimensionless variables. The boundary conditions lead to 

seven different cases with eleven case boundaries. The parameter (du/dx)o  (eqn. A.21) is 

found for each case and by substitution of this in eqn. A.20 gives an expression for the 

flux in that case.

The original model was depicted in a three-dimensional case diagram in which 

the axes were identified with the probability of E reacting with S in the diffusion layer, 

log Kg, the probability of E; reacting with M in the diffusion layer, log and log 7 , a 

parameter describing the interplay between and
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M M"

Figure 4.1 The scheme for the homogeneous mediation mechanism
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_  k E Z D- T5^“

_  k M e£ Z D
*M “ Dm

7 =_ k M m o

4.1

4.2

4.3

In order to ease interpretation, the case diagram was redrawn (Figure 4.2) using a new set 

of axes, log (1 / t ), log /? and log <j>, where

I = kg 4.4
1 k M m °

P = PEeSDf̂ mo 4.5

<t> =
Z D k M m o

D E
4.6

Now a change in [S], as reflected by a change in kg, would produce a shift parallel to the 

I / 7  axis whereas previously a change in [S] meant a diagonal translation through a series 

of horizontal planes in the three-dimensional representation. The “new” parameters are 

related to the old ones as follows

7  Kg =  <{> and /cM =  <f>(3

4.2.2 Heterogeneous Redox Catalysis

This mechanism (Figure 4.3) proposes that the organic salt A+B“  exists in a 

labile equilibrium with energetic neutral species A ° and B °. The latter oxidises the 

reduced enzyme E ,̂ generating B“ which combines with A+, formed by oxidation of A ° 

at the electrode, to produce A+B_. The behaviour of the system depends on the relative
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log 1̂// =kE/kmm(

Figure 4.2 The scheme for the 2-D representation of the 

homogeneous mediation mechanism
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Figure 4.3 The scheme for the heterogeneous redox catalysis mechanism
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rates of the surface kinetics, enzyme regeneration and transport of the enzyme to the 

electrode. On applying the boundary conditions and solving the master equation (eqn. 

B22) three cases are obtained. Their number increases to six upon considering the effects 

of 9, a parameter which compares the rate oxidation of A ° with its rate of dissolution 

from the electrode.

4.3 EXPERIMENTAL

4.3.1 Chemicals and Solutions

All solutions were prepared as in §2.1.1

4.3.2 Enzyme Preparations

All enzyme preparations were purchased from Sigma unless otherwise indicated 

(Table 4.1). Modified enzyme was prepared by stirring a solution of glucose oxidase with 

one of the mediators TTFTCNQ, TTF or TCNQ for 2-3 hours followed by filtration. The 

filtrate was left to dialyse for 48 hours using 0.1M phosphate/0.15M NaCl buffer. The 

solution was changed after 24hrs.

4.3.3 Electrodes

TTF-TCNQ was prepared according to the literature (10). The polystyrene

(PST)/salt electrode was prepared according to §2.1.3. The Silicone-oil/salt electrode was

prepared by mixing a drop of Si-oil with the salt to obtain a thick almost dry paste

which was inserted into the electrode cavity. The pressed pellet electrode consisted of a

7mm diameter TTFTCNQ disk, fabricated using a pressure of 9 x 108 N m-2,

surrounded by a Pt-ring with an internal diameter of 7.5 mm and an outer diameter of 8

mm . No binder was used in this electrode. A 5 mm glassy carbon electrode was used for

the Nicholson/Shain experiment. icUcVftxUs o.f * 3 0 O ytV  [S<t t . )

uv\U.£>S .
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TABLE 4.1

Commercially available enzyme preparations 

ENZYME EC NUMBER SIGMA

Glucose

Oxidase 1.1.3.4 G 7016

Sarcosine

Oxidase 1.5.3.1 S 8764

Choline

Oxidase 1.1.3.17 C 4405

Alcohol

Oxidase 1.1.3.13 A 2404

Xanthine

Oxidase 1.1.3.22 X 4500

Sulfite

SOURCE

Aspergillus

niger

Arthrobacter

Arthrobacter

globiformis

Pichia

pastoris

Buttermilk

suspension

Chicken

Oxidase 1 .8 .3.1 S 0263 liver
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4.3.4 Electronics

The same apparatus was used as in §2.1.4

4.3.5 Experimental Procedures

Standard techniques were followed. All experiments were carried out in an Atmos 

bag (Aldrich) using an inert argon atmosphere. Solutions were degassed throughout using 

either argon or nitrogen. Nucleation experiments were performed at a scan rate of 20 

mV/s unless indicated otherwise.

4.4 RESULTS

4.4.1 Nicholson - Shain determination of km for T T F+ /  GODH2

The theory of stationary electrode polarography developed by Nicholson and 

Shain (17) was used to evaluate the second order rate constant kM for the oxidation of 

GODH2 by T T F +. The system was considered as a catalytic reaction with reversible 

charge transfer Case VII (17) of the form

O +  ne , * R

O +  Z ---- ► R

Nicholson and Shain extended the theory developed by Saveant and Vianello 

(18). First they solved the differential equations for simple systems in the absence of any 

chemical reaction. They tabulated their results in the form of a current function in terms 

of dimensionless variables Table I (17). Next they considered specific types of chemical 

reaction which could be occurring in solution. Again they created a series of current 

functions Table XII (17) from which a working curve representing the ratio of the kinetic 

to the diffusion currents, ik/ id, could be constructed. The precise nature of the working 

curve would vary according to (E - E1/ 2)n where E ^  is the half-wave potential. The 

diffusion current id is given
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Figure 4.4 Cyclic voltammograms at 5 mV/s of a) T T F +Cl“ /GOD and 

b) on addition of 165 mM glucose . S 5 0
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Figure 4.5 Plot of kf against 1 j v

0 20 40 60 80 ICO 120 140 160 180 200

lAf (yr)'1
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id =  nFACo^7rD0a x(at) 6 .1

where and the kinetic current, ik, in the case of a catalytic system by

ik =  nFACo^7rD0 kf x*(at) 6 .2

Experimentally a series of cyclic voltammograms were taken of T T F+C1“  in the 

presence of GOD but in the absence of the glucose to obtain id at a  number of different 

scan rates. The process was then repeated after addition of glucose to evaluate ik at each 

scan rate (Figure 4.4). From the working curve values of (kf /a) are obtained 

corresponding to the ik/ id ratios found by experiment, kf being a pseudo first order rate 

constant. From a plot of kf vs. \ / v  (Figure 4.5) it is possible to evaluate the second order 

rate constant kM since

kf =  kM [ FAD ] 6.3

where [FAD] is 2[GOD] since there are two FAD groups per molecule of enzyme. 

Assuming that the protein was 100% active a value of 3.8±0.8 x 106 M- 1s- 1  was 

obtained which is in close accord with that found by Kulys for TCNQ° (2). After 

obtaining a more accurate measure of the enzyme concentration by spectrophotometric 

methods this value was amended to give 4.2 ±0.8 x 106 M- 1s-1. Thus both T T F + and 

TCNQ° are capable of oxidising reduced glucose oxidase at relatively fast rates.

4.4.2 Comparison of Rotation Speed Behaviour

4.4.2.1 Unmodified GOD

To date mechanistic studies investigating the rotation speed dependence of the 

biocatalytic current used either pressed pellet or Si-oil electrodes (4,7,8). In both cases an 

inverse relationship between the current and the rotation speed was observed. An 

investigation of the behaviour at PST electrodes was undertaken and the results 

compared with those from Si-oil and pressed pellet electrodes.

The results are shown in Figures 4.6-4.8 . It is apparent that whilst Si-oil and 

pressed pellet electrodes show an inverse rotation speed dependence the converse is true
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4.6 Rotation speed dependence of a TTF-TCNQ /  

polystyrene electrode fco o l c: ICO U|*d
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4.7 Rotation speed dependence of a TTF-TCNQ /  silicone oil

electrode . L^OO  ̂ - lOO U|w>l.

□

□

□ 4

□

4

4

□ +
0

0
0

0

20 40 60 80

[GLUCOSE] /  mM
□ 1HZ + SHZ 0 m



C
U

R
R

E
N

T
/
A

R
E

A
 

o
 n-

yZ
Z

145C h a p te r  4: M e c h a n is t i c  S tu d ie s  U s in g  R o t a t i n g  D is k  a n d  R in g - D is k  T e c h n iq u e s

Figure 4.8 Rotation speed dependence of a pressed pellet TTF-TCNQ 

electrode • - lOO Oj^l

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

[GLUCOSE] /  mM
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for electrodes made with PST binder. This implies that the method of fabrication might 

influence the nature of the mechanism.

Murphy (8 ) examined the electrode surface of polymer (PST and PVC) paste, Si- 

oil and pressed pellet electrodes using scanning electron microscopy. The results showed 

that electrodes which gave “good” results had very rough surfaces whilst “poor” 

electrodes had a preponderance of binder at the surface with far fewer organic salt crystals 

visible. Both PST and Si-oil electrodes were found to have very rough surfaces as 

compared to pressed pellet electrodes and gave correspondingly higher saturation currents. 

At high rotation speeds the lack of a binder meant that Si-oil electrodes started to 

corrode and eventually disintegrate into the solution. Thus although the chemical 

potential of a TTF-TCNQ crystal will be the same in both PST and Si-oil electrodes the 

supporting material may affect the rate with which a mediator can enter the solution to 

facilitate homogeneous mediation or its rate of reaction with enzyme on the electrode 

surface. Hence the rate limiting process at polymer paste and Si-oil electrodes might be 

different owing to the former’s more robust nature. As mentioned above pressed pellet 

electrodes contain no binder but are held together by the pressure used in their 

fabrication and ring disk studies have shown that they corrode steadily (vide infra).

The results obtained in these laboratories suggesting that the order of increasing 

saturation current is : pressed pellet <  Si-oil <  polymer binder appear to contradict those 

of Brajter-Toth and co-workers (11). They consider organic salt electrodes as systems of 

ultramicroelectrode crystal arrays and propose that electrodes made using high pressure 

techniques have a reduced inactive area and hence produce a higher current than either 

PST or Si-oil electrodes.

The current obtained with the polystyrene electrode was greater than that found 

with the Si-oil electrode. This is in accord with previous work in these laboratories (4,7,8) 

and has traditionally been attributed to the greater porosity of the polystyrene electrode
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with the concomitant increase in surface area.
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Under the conditions used in these experiments (assuming a homogeneous 

mechanism) it has been shown (8 ) that the system is initially in either Case V or VI at 

low [glc], crossing into Case II or I as the [glc] is increased. In Case V the rate is 

determined by the regeneration of E* at the edge of the diffusion layer; in Case VI it is 

governed by the regeneration of E* in a zero-order reaction layer, again away from the 

electrode surface. In Case II the rate limiting process is the reaction of E* and M, again in 

the diffusion layer. Since all possible mediator species are only sparingly soluble, the 

increased surface area of a PST electrode can have no bearing on reactions occurring in 

the diffusion layer and the current due to any homogeneous processes should be the same 

at both electrodes. Hence the mechanism of electron transfer at a PST electrode must be 

different from that at a Si-oil electrode.

In Case I the reaction between E; and M occurs in a reaction layer close to the 

electrode surface. The boundary between Case I and II occurs when /cM= l ,  hence 

kMZDeE _  1

Dm "
thus the reaction layer thickness, Xm> *s eQual t °  the thickness of the diffusion layer, ZD.

XM = Dm
kMeE

4.7

7 n dAO V6™ 1/3 -1/2ZD =  0.643 v  Dm u)

Murphy (8 ) showed, using an Si-oil electrode, that this boundary was reached with 5 

U/mL GOD. Since the experiments described above used 100 U/mL GOD, thus Xm *s 

approximately ZD/4.5 and ZD is given by

4.8

then at 1 Hz, XM=12/im and at 9Hz, Xm^ A *111* This is comparable to the intercrystal 

spacing (8 ). However if the homogeneous mechanism was in operation and assuming a 

surface roughness factor, R, then passing into Case I the current should increase by a 

factor of R at a PST electrode as compared to that at a Si-oil electrode since the 

increased surface area extends the “length” of the reaction layer. Since this was not
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Figure 4.9 U V /V is spectrum of TTF-TCN Q  solubilised in silicone
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observed it provides further evidence that the homogeneous mechanism does not apply at 

PST electrodes.

A suspension of TTF-TCNQ in Si-oil was stirred vigorously for 48hrs after which 

it was centrifuged. The supernatant had a pale green hue. Its UV/Vis spectrum is shown 

in Figure 4.9, with a peak at 396nm. From a control experiment using a known 

concentration of TTF-TCNQ in CH2C12 the extinction coefficient at 399nm, e399, was 

calculated to be 96000 M“ 1cm“ 1. Assuming the extinction coefficient has the same value 

in the two media then approximately 9/iM TTF-TCNQ was dissolved in the Si-oil. Thus 

it is possible that a film of Si-oil at the electrode/solution interface containing dissolved 

TTF-TCNQ might set up a biphasic system thus complicating electron transfer. The 

different properties of Si-oil and polystyrene electrodes are explored further in the next 

chapter using a.c. techniques.

4.4.2.2 Modified Enzyme

Glucose oxidase was modified using TTF in order to investigate the role, if any, 

of enzyme modification on the observed rotation speed dependence.

The polystyrene paste electrode shows positive rotation speed dependence up to a 

[glc] of 15mM at which point a switchover to inverse behaviour occurs (Figure 4.10). In 

the case of the Si-oil electrode, inverse rotation speed behaviour is observed throughout 

(Figure 4.11). From the Si-oil data it would appear that the modification process is not 

itself rate limiting.

4.4.3 Rotating Ring-Disk Behaviour

4.4.3.1 Ring Potential at -200 mV

In order to investigate whether species oxidised at the TTF-TCNQ disk could be 

detected at the Pt-ring the latter was poised at —200 mV.

The homogeneous theory predicts that M can diffuse away from the disk and is 

capable of being swept out to the ring depending on the particular case in question. For
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Figure 4.10 Rotation speed dependence of a  TTF-TCNQ /  

polystyrene electrode using glucose oxidase 

modified by T T F °. [ c,od)  ~ VOt) u M
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4.11 Rotation speed dependence of TTF-TCNQ /  silicone oil

electrode using glucose oxidase modified by T T F °, £.CiOd \  -s 100 Ujwl,
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example in Case I all M is consumed in a reaction layer very close to the electrode surface 

hence only M* is lost to the bulk. Thus in this particular case no reduction current would 

be seen at the ring. The converse is true in Case V where reaction between E; and M 

occurs at the edge of the diffusion layer and one would expect a  reduction current at the 

ring. However on approaching the V/VI boundary the reaction between E* and M occurs 

further inside the diffusion layer, tending to the zero-order reaction layer situation of true 

Case VI behaviour. Thus the magnitude of the ring current should be small if it is 

observed at all.

In the heterogeneous redox catalysis theory any ring current is due entirely to 

dissolution from the electrode of A °, a neutral species corresponding to T T F ° or a 

reduced species if it is TCNQ". Hence this theory predicts that there should be no 

reduction current at the ring electrode. Turning to the modified enzyme hypothesis there 

are two possible means of producing a reduction current. First, oxidised modified enzyme 

swept out from the disk could be reduced directly at the ring. Second, reduction of a 

charged species, such as T T F+, could form a thin film across the platinum ring producing 

a modified electrode which was much more amenable to interaction with a biological 

system thus enhancing the rate of electron transfer and increasing the current due to the 

process described above.

The results are shown in Figure 4.12. The response at the disk shows the typical 

current vs. concentration profile whilst a ring current is observed and is proportional to 

the substrate concentration. This enables the heterogeneous redox catalysis theory to be 

discarded since it does not predict a reduction current. At [ E ] =  50 U/mL, with the 

system in Case V (8 ), the homogeneous mediation theory predicts that a  reduction 

current should be seen at the ring.

The plots shown in Figure 4.13 illustrate the results of three successive 

experiments using the same [ E ]. The disk currents show reasonable reproducibilty but 

the ring current increases progressively, as does the collection efficiency with each
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Figure 4.12 a) Plot of the ring ( —200mV) and disk (+300mV) currents 

vs. [glc] at 9 Hz

b) Collection efficiency vs. [glc]
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Figure 4.13 a) Plot of the ring (—200mV) and disk (+300mV) currents
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Figure 4.14 a) Plot of the ring (+300mV) and disk (+300mV) currents 

vs [glc]

b) Collection efficiency vs [glc] 
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experiment. The ring was not cleaned between experiments and this suggests that a 

gradual modification of the ring electrode is occurring making electron transfer 

increasingly facile. This could be attributed to the reduction of either T T F + or TCNQ° 

at the ring.

4.4.3.2 Ring at +300 mV

In this series of experiments the ring was poised at +300 mV. At this potential 

(8 ) any M* i.e. T T F ° or TCNQ- should be rapidly oxidised. In the homogeneous theory 

the magnitude of the ring current would, as mentioned above, depend on the particular 

case. For the heterogeneous model the ring current would be due to A ° diffusing away 

from the surface with a rate constant kD, independent of both [ E ] and [ S ]. The 

modified enzyme theory accounts for a ring current by proposing that the ring becomes 

coated with TTF-TCNQ or TCNQ° and behaves as an ersatz TTF-TCNQ electrode.

The results are shown in Figures 4.14. The ring and disk electrodes behave 

similarly, with the current seen at the former tending to saturate at a lower [ S ]. Thus 

the collection efficiency decreases as [ S ] increases. These results are in accord with those 

obtained previously (8 ). However in a series of subsequent experiments a different pattern 

of behaviour was observed (Figure 4.15). In these experiments the collection efficiency 

decreased sharply at first before gradually increasing with each injection of substrate with 

the final collection efficiency being greater than that observed initially.

The heterogeneous model fails to account for these results since the ring current is 

shown to vary with [ S ] and hence can again be discarded. Turning to the homogeneous 

model, assuming that the system is in Case V, then from Figure A.5, it can be seen that 

M; has a parabolic concentration profile, the apex of which is given by /?«£=/4. The 

height of the parabola and hence the observed ring current is proportional to [ S ]. The 

parabola reaches a maximum at the V/VI interface. As the case switches to VI the 

reaction occurs in a zero order reaction layer closer to the electrode producing a skewed 

profile for M;. Now less M* reaches the ring electrode and the collection efficiency falls. A
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decrease in the magnitude of the collection efficiency is also observed for a  V/II 

transition. Although the concentration profile of M* in Case II is still parabolic, the 

height of the apex being given by /cM/ 20, it is no longer dependent on [ S ]. Hence 

although the disk current continues to increase the ring current is constant.

The geometric collection efficiency, No=ip/iD » is an inadequate parameter when 

dealing with these systems since it assumes that there is a linear concentration profile of 

the species concerned from the bulk to the disk. However in the homogeneous model 

several cases predict non linear concentration profiles. As an example, in Case V, 

oxidised to M at the disk can be reduced before it reaches the ring hence adding a 

catalytic contribution to the ring current. In order to overcome this Albery (12) used the 

thin gap thin ring (TGTR) approximation to explain the collection efficiency observed at 

the V/VI interface

where rx =  disk radius 

and r3 =  outer ring radius

Using the dimensions given in §4.3.3 the calculated collection efficiency for Case V 

is 0.28 as against the geometric collection efficiency of 0.19. Similarly for Case VI the 

“true” collection efficiency is given by

and is calculated to be 0.04.

It is apparent from inspecting Figure 4.14 that the collection efficiency ranges 

from 0.14 at the lowest substrate concentration, ImM, to 0.07 at 60mM glucose. Thus 

qualitatively at least this pattern follows a V -+ VI or a V -♦  II transition although the 

magnitude of the experimental collection efficiencies differs from the values predicted by
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Figure 4.15 a) Plot of the ring (+300mV) and disk (+300mV) currents 

vs [glc] at 9 Hz for a series of experiments 

b) Collection efficiency vs [glc]
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Figure 4.16 a) Plot of the ring (+300mV) and disk (+300mV) currents 

vs [glc] at 9 Hz

b) Collection efficiency vs [glc]
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Figure 4.17 Rotation speed dependence of ring (+300mV) and disk

(+300mV) currents vs [glc]
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theory.

In the series of experiments shown in Figures 4.15 a lower initial glucose 

concentration of 250 /iM was used. In each case the collection efficiencies follow the same 

general trend. However the collection efficiencies from the second experiment are a  factor 

of two greater at each substrate concentration. In each experiment an initial decrease was 

observed, the minimum value occurring between 1-2 mM, followed by a gradual increase.

The variation of collection efficiency at low glucose concentrations was also 

investigated in two further experiments (Figure 4.16). In the first a high initial collection 

efficiency of 0.54 was found at 50 /iM. This decreased to approximately 0.2 over the 

range 150 - 300 /iM. In the second experiment a high initial collection efficiency of 0.55 

was again observed at 50 /iM glucose. However it decreased to 0.3 over the range 100 - 

300 /iM.

The values observed at low substrate concentrations are in accord with those 

predicted by the homogeneous model for Case V. However it does not explain the initial 

decrease followed by the gradual increase in collection efficiency observed in the second 

series of experiments.

The effect of rotation speed on the ring current and hence on the collection 

efficiency was also investigated (Figures 4.17). It was found that although the current at 

the TTF-TCNQ disk was inversely proportional to rotation speed, the Pt-ring current 

increased with rotation speed. Since the Pt-ring is poised at an oxidising potential and the 

ring current is a measure of the reduced mediator returning to the disk, it follows that the 

ring current should show the same rotation speed dependence as the disk. These results 

are qualitatively in accord with the heterogeneous and modified enzyme theories which 

predict the ring current is due to material swept across to the Pt-ring from a corroding 

TTF-TCNQ disk. However, as mentioned above, the heterogeneous redox model cannot 

explain the substrate dependence of the ring current.



4.4.3.3 Effect of Scanning the Ring Potential

In an attempt to identify a possible mediating species the Pt-ring was swept 

between -170 mV and +420 mV with the TTF-TCNQ disk poised at +300 mV. As the 

electrode was rotated at 1 Hz the traces shown in (Figures 4.18 and 4.19) are correctly 

referred to as polarograms. The first polarogram was taken in the absence of enzyme. A 

slight peak is visible at approximately +220 mV. As a rotating electrode was used it is 

difficult to determine E ° accurately. As Na+ was present as the counter ion in both the 

buffer and the background electrolyte and since NaTCNQ is insoluble this precludes 

assignment of the peak to oxidation of TCNQ- . Bearing this in mind, the potential range 

suggests the involvement of TTF species, possibly corresponding to TTF°-» TTF+. The 

second polarogram was recorded after the addition of glucose oxidase and the peak 

appears to have decreased in magnitude. A possible explanation is that the mediator 

becomes incorporated into the enzyme, in support of the modified enzyme theory. On 

addition of glucose, no immediate change was observed in the polarograms. However, 

when the ring was poised at +300 mV for 120 s, the anodic current was reduced on 

subsequent polarograms whilst an increased cathodic current was observed (Figure 4.20).

4.4.3.4 Effect of Scanning the Disk

The TTF-TCNQ pressed pellet disk was scanned between -160 mV and +420 mV 

and the Pt-ring poised at +300 mV. The disk polarograms taken before and after 

addition of glucose are shown in Figure 4.21. As can be seen there is a slight increase in 

the anodic current.

4.4.3.5 Extending the Sweep Range - Nucleation

In a further attempt to detect any mediator species present the sweep range of 

the Pt-ring was extended from -0.75 to +1.0V. The scan rate was kept at 20 mV/s. The 

TTF-TCNQ disk was maintained at +300 mV. The electrode was rotated at a frequency
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of 1 Hz.
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Figure 4.18 Effect of scanning the ring potential in the absence 

of enzyme and substrate

Figure 4.19 Effect of scanning the ring potential in the presence 

of glucose oxidase (ioo
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Figure 4.20 Effect of scanning the ring potential in the presence

of GOD and glucose . jjGOV)'] ; IO0 ( ^
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The ring was scanned until a relatively constant polarogram was obtained (Figure 4.22). 

On adding glucose oxidase, the peak height in the anodic sweep increased slightly. On 

addition of 2.5 mM glucose the anodic current increased markedly and a peak at +  30 

mV appeared in the cathodic direction. The peak heights of both anodic and cathodic 

peaks increased continuously with each sweep without requiring further addition of 

substrate. Furthermore, the anodic and cathodic sweeps of the polarogram began to 

coalesce in the +400 mV region. Eventually the anodic peak height tended toward a 

constant value. Following addition of a second aliquot of glucose, 5 mM, the peak height 

rose sharply and the reverse cathodic sweep crossed over the forward anodic sweep: the 

system was now exhibiting hysteresis, typical of nucleation phenomena. Inspection shows 

that the area of the hysteresis loop increased with each successive sweep. It is also clear 

that the cathodic sweeps pass through a point of common potential.

4.4.3.5.1 Steady State Currents

In order to determine the steady state currents, an electrode exhibiting hysteresis 

was held at fixed potentials on both the forward and reverse sweeps and the direction of 

current relaxation noted, (Figure 4.23). The polarogram can be divided into 3 regions A, 

B and C. In segment A the steady state current is equal to or slightly greater than the 

anodic polarographic current. In zone B the steady state current passes through the 

middle of the hysteresis loop. In region C the steady state current is less than the 

cathodic sweep level.

4.4.3.5.2 The Role of the Mediator

In order to ascertain whether TTF species were involved, TTF+C1“ was added to 

a solution containing glucose oxidase and polarograms taken at the Pt-ring of a TTF- 

TCNQ disk/Pt-ring electrode. A peak due to the oxidation of TTF+ was clearly apparent 

(Figure 4.24). On adding glucose, 5 mM, the anodic and cathodic peaks increased in 

magnitude, the former more markedly than the latter. This suggested a catalytic role for 

TTF+.
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Figure 4.22 Effect of extending the sweep limits nucleation , C>] : IGo U.)m)
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Figure 4.23 Steady state currents for the nucleation process. fcob]-- \co
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Figure 4.24 Effect of added TTF+C1“ on the nucleation process



Chapter 4: Mechanistic Studies Using Rotating Disk and Ring-Disk Techniques 169

Figure 4.25 Nucleation at a Pt-electrode using TTF+C1“

fcco}. \co uM , 13UI- 3o
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A Pt disk electrode was used to preclude participation of TCNQ in the 

nucleation. It was pretreated by cleaning with alumina and cycling in 0.2M H2S 0 4. 

Glucose, 5 mM, was added to a solution containing glucose oxidase and TTF+C1“ and 

nucleation was again observed (Figure 4.25).

A Pt-disk electrode was poised at a series of potentials from +300 mV to —300 

mV via 100 mV steps. The Pt-ring was swept between +1V and —0.6V in a solution 

containing TTF+C1” in buffer solution. Although polarograms were obtained, hysteresis 

was not observed. The ring current obtained depended on the magnitude and polarity of 

the disk potential in accord with the theory proposed by Albery and Bruckenstein (13). 

For example the peak anodic ring current observed when the disk was poised at -300 mV 

was greater than that seen when the disk was held at 0 V. This is in accord with theory 

since more T T F° is generated when the disk is poised at the former potential than at the 

latter hence producing a greater ring current (Figure 4.26).

4.4.3.5.3 Significance of the Cathodic Peak

In order to investigate the importance of the cathodic peak, a 

GOD/glucose/TTF+Cl" system exhibiting hysteresis at a Pt-disk electrode had its sweep 

direction reversed at four potentials along the cathodic sweep. The aim of the experiment 

was to determine how far the cathodic sweep had to progress before reversal of sweep 

direction caused the subsequent forward scan to follow the anodic pathway (Figure 4.27). 

At points 1,2 and 3 the anodic sweep followed the cathodic pathway and the anodic peak 

current was lower than before. No hysteresis loop was observed. Only on reversal at point 

4, did the subsequent anodic sweep follow the original anodic pathway. A hysteresis loop 

was apparent and the anodic current had increased in magnitude. Thus, the cathodic 

peak had to be reached before the system could revert to its original state.

4.4.3.5.4 Effect of Electrode/Electrolyte

In order to examine whether nucleation was peculiar to platinum surfaces an
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Figure 4.26 Effect of varying the disk potential on the ring polarogram
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Figure 4.27 Investigating the significance of the cathodic peak effect O'H 
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attempt was made to reproduce the phenomenon at a gold electrode. On adding glucose 

to a solution containing glucose oxidase and TTF+C1” no nucleation behaviour was 

observed. When a glassy carbon electrode was used a catalytic current was observed in 

the anodic scan, although again nucleation was absent (Figure 4.28). However nucleation 

was observed at a Pt-ring surrounding an electrosynthesised TTF-TCNQ disk electrode 

(Figure 4.29).

Since TTF+Ac”  is the only salt of TTF+ which is readily soluble, it was decided 

to examine the effect of the acetate counter-ion on nucleation. A Pt electrode failed to 

exhibit nucleation when LiAc was used as the background electrolyte. When LiAc was 

used at a glassy carbon electrode (Figure 4.30), dissolved TTF+C1- gave two peaks at 

+190 mV and +500 mV, these were attributed to the T T F °/T T F + and TTF+/T T F 2+ 

couples respectively. The magnitude of the current decreased with successive sweeps. On 

adding GOD, the peaks coalesced to yield a single broad peak/plateau which began ca. 

+220 mV.

4.4.3.5.5 Effect of Enzymes - at a Pt-electrode

a. FAD

On dissolving (Na+)2FAD in buffer an orange solution was obtained. On adding 

TTF+C1“ the solution bacame darker. When glucose was added the colour of the solution 

lightened but no polarograms were observed (Figure 4.31).

b. Xanthine Oxidase (XOD)

When XOD was cycled at a Pt-electrode polarograms different to those from 

GOD were obtained. A polarogram showing two anodic peaks at —180 mV and +80 mV 

and a cathodic peak at —40 mV was obtained. These gradually disappeared with each 

successive sweep. On adding TTF+C1“ the peaks vanished. Addition of hypoxanthine had 

no effect with no nucleation occurring (Figure 4.32). It is possible that the enzyme was
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denatured on the electrode surface.
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Figure 4.28 Scanning a glassy carbon electrode does not result in

Figure 4.29 Nucleation at an electrosynthesised TTF-TCNQ 

electrode (7^ f Cv$ o.koi£
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4 0 | lA

Figure 4.30 Sweeping a glassy carbon electrode using lithium

acetate as background electrolyte , {CtO r  IOC O^tu.1 . 

r % 0
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Figure 4.31 Scanning a solution of FAD and TTF+C1“ does not 

produce nucleation

Figure 4.32 Scanning a solution of xanthine oxidase, xanthine and 

TTF+C1“ does not produce nucleation
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c. Choline Oxidase (ChOD)

On addition of TTF+C1“ to a solution containing 5 U/ml ChOD, polarograms 

similar to those from GOD were obtained. Nucleation commenced upon addition of 

choline (Figure 4.33). A large hysteresis loop was clearly observed. The experiment was 

carried out at both 1 Hz and a stationary electrode. Nucleation was observed in both 

cases.

d. Sarcosine Oxidase (SOD)

When sarcosine was added to a solution containing 9.9 U/ml SOD and TTF+ 

Cl- nucleation was again detected. However the area of the hysteresis loop was 

appreciably less than that observed with either GOD or ChOD (Figure 4.34). The area of 

the anodic loop was far greater than that found with either GOD or ChOD.

e. Alcohol Oxidase (AOD)

When TTF+C1~ was added to a solution of AOD no peaks were observed. 

However nucleation began upon the addition of the substrate, methanol, to the solution. 

On this occasion, the hysteresis loop was quite large though the anodic loop was small 

compared to that found with other enzymes. (Figure 4.35). A further modification was 

attempted with this system. The electrode was poised at -500 mV and placed in a fresh 

solution of buffer. On resuming sweeping of the electrode, the characteristic polarograms 

showing nucleation were again observed. However the peak height was reduced by ca. 30 

%.

f. Sulfite Oxidase

Sulfite was added to a solution containing sulfite oxidase and TTF+C1- . A 

simple catalytic current was observed without any hysteresis (Figure 4.36).
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Figure 4.33 Nucleation effect observed on sweeping a solution of

choline oxidase, choline and T T F +C1“
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1 OOjiA

Figure 4.34 Nucleation effect observed on sweeping a solution of

sarcosine oxidase, sarcosine and T T F +C1“
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Figure 4.35 Nucleation effect was observed upon sweeping a

solution of alcohol oxidase, methanol and TTF+C1~.

It was still observed when the electrode was

placed in a fresh solution of buffer, £)(}[) J  - PO U |u/i).
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Figure 4.36 Catalytic current obtained on scanning a solution of

sulfite oxidase, sulfite and T T F +C1“
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4.4.3.5.6 Coulometric Measurements

The charge passed during the four phases of th^ polarogram.

A =  Anodic sweep to point of intersection

B =  From point of intersection to end of anodic sweep

C =  Cathodic sweep to point of intersection

D =  From point of intersection to end of cathodic sweep 

was measured by integrating the current. A typical plot is shown in Figure 4.37. The 

charge passed during regions A and D is of the opposite sign to that in regions B and C. 

Also the sum total charge passed in regions B and C is greater than that passed in zones 

A and D.

4.4.3.5.7 Effect of Potential Range on GOD/Glucose/TTF+Cl-

A 5mM glucose/GOD/TTF+Cl“ solution was scanned between —200 mV and 

+400 mV (Figure 4.38). In this potential range no polarograms exhibiting hysteresis were 

observed. Hysteresis was not observed on extending the positive limit to +600 mV. When 

the positive limit was further increased to +800 mV then the anodic and cathodic sweeps 

followed a common pathway between +700 mV and +800 mV. Complete hysteresis was 

observed on increasing the positive limit to +1 V.

4.4.3.5.8 Behaviour of Glucose and GOD at Pt - Surfaces

Control experiments using TTF+C1- and GOD alone showed that glucose was 

necessary for nucleation to be observed. On performing control experiments with GOD 

and glucose, nucleation was observed but the anodic peak was transformed into a much 

broader plateau which began ca. +600 mV (Figure 4.39). On adding TTF+C1- to the 

solution the plateau shifted by ca. 100 mV to +700 mV and assumed a more peak-like 

shape.

Polarographic experiments were repeated, this time using AOD/methanol and
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Figure 4.37 Results of coulometric measurements upon the 

GOD/glucose/TTF+Cl- system
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Figure 4.38 Effect of altering the limiting potential upon the 

nucleation phenomenon , CCcOOl-VOO
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Figure 4.39 a) Nucleation is observed using glucose oxidase and

glucose at a Pt-electrode . \ 0  0 U (wt 1 Qq\) fed tjc  JO  

b) Effect of adding TTF+C1~ to a GOD/glucose system 

exhibiting nucleation
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Figure 4.40 a) Nucleation is observed using sarcosine oxidase and

sarcosine at a Pt-elcctrode . S~G U  SCO  ̂ Sottcsine

b) Effect of adding TTF+C1“ to a sarcosine

oxidase/sarcosine system exhibiting nuclcation
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Figure 4.41 Nucleation is observed using alcohol oxidase and

methanol
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SOD/sarcosine, in the absence of TTF+C1“ (Figures 4.40 and 4.41). The latter system 

behaved in a similar manner to GOD producing a plateau in the anodic region. Alcohol 

oxidase produced polarograms which were similar to those previously obtained with this 

enzyme.

4.4.3.5.9 Effect of Scan Rate on Nucleation

All previous experiments had been carried out at a scan rate of 20 mV/s. Hence 

it was decided to investigate nucleation as a function of sweep rate. Nucleation was 

initiated at a Pt-disk electrode by scanning a solution of GOD (76 U/ml) and glucose 

(48mM) at a rate of 20 mV/s (Figure 4.42). The scan rate was then increased to 100 

mV/s. The area of the hysteresis loop, and by implication the degree of nucleation, was 

instantly reduced. On returning to 20 mV/s the original polarogram was restored 

although the plateau height had increased. On switching to 100 mV/s the hysteresis loop 

had become almost negligible although there was a superimposition of the anodic and 

cathodic pathways for ca. 100 mV. As expected a scan rate of 50 mV/s produced 

intermediate behaviour. At 200 mV/s the anodic and cathodic pathways were clearly 

separated. Hysteresis was restored on returning to 50 mV/s.

The scan rate dependence of the TTF+Cl- /GOD/glucose system was also 

examined (Figure 4.43). The same pattern of behaviour was observed as in the above 

system. Hysteresis was present at 20 mV/s, reduced at 50 mV/s and disappeared at 100 

mV/s.

4.4.3.5.10 Comparison of the Effects of TTF+C1“ and K3Fe(CN)6

On addition of Fe(CN)s- to a solution containing GOD (95 U/ml) and glucose 

(48 mM) no change was found in the anodic plateau region. However a couple 

corresponding to Fe(CN)6**/Fe(CN^“ was observed superimposed upon the usual 

polarogram (Figure 4.44). This was in stark contrast to the effect of adding TTF+C1“ to 

a GOD/glucose solution. When Fe(CN)6- was added to a solution of
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GOD/glucose solution
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Figure 4.43 Effect of scan rate on nucleation exhibited by a

GOD/glucose/TTF+C1~ system , o ]  = 100 u |i * l

(jM cl = 9 0 v^Mj £>'vPaC '" ] c sell'
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Figure 4.44 Effect of adding K3Fe(CN)6 to a solution of 

GOD/glucose exhibiting nucleation
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Figure 4.45 Effect of adding K3Fe(CN)6 to a solution of 

GOD/glucose/TTF+Cl"
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TTF+Cl” /GOD/glucose a couple due to the mediator was again observed and there was 

no change in the nature of the anodic peak (Figure 4.45).

4.4.3.5.11 Effect of Poising Electrode at the Anodic Limit

A GOD/glucose system exhibiting hysteresis was held at the positive limit of 

+950 mV. The current decreased by 80% and on resumption of the cathodic sweep the 

position of the reverse peak was shifted by ca. 50 mV from +15 mV to -30 mV. The 

cathodic peak became both larger and sharper (Figure 4.46). TTF+C1“ was then added 

and upon attainment of a new stable anodic state the potential was held at +950 mV. 

The same effect was observed with the anodic current falling by 85% and the reverse peak 

shifting by 50 mV.

4.4.3.5.12 Variation of the Anodic Limiting Potential on

the GOD/Glucose System

The effect of varying the positive limiting potential was determined using a 

GOD/glucose system. The initial positive limit was set at +600 mV and nucleation 

observed (Figure 4.47). Reduction of the positive limit to +400 mV caused the anodic 

and cathodic sweeps to diverge. Increasing the limit slightly to +450 mV caused a 

juxtaposition of the forward and reverse pathways from +320 to +370 mV. The anodic 

limit was then increased to +800 mV.

4.4.3.5.13 Effect of 0 2 on Nucleation

All previous experiments had been thoroughly degassed using argon in order to 

prevent interference by oxygen. Now to accentuate the effect of any residual oxygen, the 

solution was not degassed. Under these conditions addition of glucose to a solution of 

GOD again produced hysteresis. However the shape of the polarogram was rather 

different (Figure 4.48), the cathodic peak became noticeably larger, presumably due to 

the presence of an increased 0 2 reduction/PtO stripping peak. Also with each successive 

sweep the height of the anodic plateau was reduced as was the degree of hysteresis.
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Figure 4.46 Effect of poising the electrode at the anodic limiting

potential
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/

Figure 4.47 Variation of the anodic limiting potential affects the

occurrence of nucleation in the GOD/glucose system

fc,0C>:=\00 u p ,  \CAt1 , a o , M



Chapter 4: Mechanistic Studies Using Rotating Disk and Ring-Disk Techniques 196

Eventually the system reached a state where there was no hysteresis and a conventional 

polarogram was obtained.

4.4.3.5.14 Effect of Altering Pt/PtO on the Surface

All Pt-electrodes were pretreated before use by first polishing with alumina then 

cycling in 0.2M H2S 0 4. A series of experiments was performed in order to determine 

whether the degree of 0 2 and H2 adsorption affected subsequent polarograms (Figure 

4.49). Thus the cycles in H2S 0 4 were stopped at three particular points.

a. 0 2 Adsorption

Poising at +1.8 V on the cathodic sweep ensured that 0 2 would be adsorbed onto 

the electrode surface. Subsequent polarograms exhibited some degree of hysteresis

b. 0 2 Stripping

The scan was halted at -200 mV, after the 0 2 reduction/ PtO stripping peak. 

Thus the surface should now be essentially clean. Again polarograms were seen but with 

reduced hysteresis.

c. H2 Adsorption

Stopping the scan at -350 mV ensured that a layer of H2 was adsorbed on the 

electrode. A hysteresis loop was observed which was larger than those in the above two 

cases.

4.5 DISCUSSION

4.5.1 Rotating Disk and Ring/Disk Studies

The rotation speed behaviour of pressed pellet, Si-oil and electrodes made using 

polystyrene binder has been compared and shown to vary with the method of fabrication. 

This could be due to different rates of corrosion of the electrodes or to the different nature 

of the surface/enzyme interaction. It has also been shown that Si-oil solubilises TTF-
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Figure 4.48 Effect of 0 2 on nucleation exhibited by GOD/glucose 
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Figure 4.49 Variation of pretreatment procedure has no marked

effect on the nucleation behaviour
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TCNQ hinting at the involvement of a biphasic system. Modified enzyme has been shown 

to obey the same rotation speed dependence as its unmodified counterpart. The results 

obtained using the pressed pellet TTF-TCNQ disk/Pt-ring electrode showed that both the 

oxidising and reducing ring currents were proportional to the substrate concentration. 

This weighs heavily against the heterogeneous model. The high collection efficiency 

observed when the ring was poised at -f300mV provided qualitative support for the 

homogeneous model. However neither theory could account for the inconsistency of the 

ring current data. The strongest support in favour of the homogeneous model came from 

experiments using low [glucose]. The collection efficiencies observed were in reasonable 

quantitative agreement with those predicted by the thin gap thin ring (TGTE) 

approximation.

The homogeneous mechanism provides a reasonable explanation for the 

behaviour observed at Si-oil and pressed pellet electrodes (8 ). However, assuming its 

validity at PST electodes would imply that the system was in Case V or Case VI at low 

[glc]. Hence the rate determining processes would involve reactions in the diffusion layer. 

Thus the magnitude of the observed current should not vary with the nature or area of 

the elctrode surface. Since this is not the case (§4.4.2.1) a different mechanism must 

operate at PST electrodes.

4.5.2 Nucleation Phenomena

The nucleation results were initially explained in terms of an enzyme layer being 

adsorbed on to a film of T T F+. However as the effect was also observed in the presence of 

enzyme and substrate alone this suggested the latter was involved, perhaps being 

destroyed on the surface and effectively forming a modified electrode enabling adsorption 

of active enzyme. Since T T F + alters the nature of the polarogram it is proposed that it 

can modify either the surface or the enzyme itself since conventional mediators such as 

Fe(CN)6 ~ have no effect.

The adsorption and electro-oxidation of glucose at platinum electrodes has been
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investigated in the literature (15). Glucose exists in a dynamic equilibrium in solution 

G (a) G (/?) G (7 )

where a  and /? are the cyclic hemiacetal forms and 7  is the free aldehyde species. There 

has been considerable debate over the nature of the adsorbed species. However since mass 

spectrometry (16) revealed the presence of glucono-5-lactone it was concluded that the 

hemicacetal (a,/?) forms must be involved. Adsorption of phosphate and chloride anions 

competes with glucose adsoprtion, complicating the picture (14,15). The former is 

adsorbed via formation of a metal-oxygen bond.

The chemisorption of glucose is accompanied by its dehydrogenation with the 

observed current being due to the oxidation of hydrogen formed during the 

dehydrogenation reaction. The overall scheme can be described as

G +  Pt ^  (Rads)Pt +  xH+ +  xe“

The terminal oxidation product of any Rads species is C 0 2,

(Rads)Pt +  xH20  -*■ C 0 2  +  nH+ +  ne-  +  xPt(H2 0 )

Thus it is possible that on addition of glucose to a solution of GOD, or G OD/TTF+Cl“ , 

it is initially adsorbed and electro-oxidised. By adsorbing onto the electrode surface it 

facilitates subsequent adsorption by GOD which can then catalytically oxidise glucose 

present in solution near the metal/solution interface. Since this current will increase with 

time, tending to a steady state, it explains the continuously increasing currents seen in 

the polarograms exhibited by these systems.
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CHAPTER 5

M ECH AN IST IC  STUD IES USING  

A. C. TECHNIQUES

The underlying principle behind a.c. impedance techniques is that of perturbing 

the system by applying an alternating potential of small magnitude and following the 

system as it responds to the perturbation (1,2). An advantage of this method of analysis 

is that the theoretical treatment of the response can be simplified by linearizing the 

current-potential characteristics.

In the main, the experiments detailed in this chapter were performed at high 

substrate concentrations. Hence an attempt was made first to fit the data to an a.c. 

model of Case I of the homogeneous mechanism. Where this proved unsatisfactory, 

alternative models were developed in order to explain the experimental results.

5.1 A.C. THEORY

5.1.1 AC Treatment of Cases I and II of the homogeneous model (4)

In Case I, a change in potential, AE, produces a small change, m *0> *n the 

concentration of the mediator, M, where m is the concentration before the change. Thus

m».o _  aFA E  r i
m -  RT b‘

The observed current has two components. First, the reduced mediator, M;, is oxidised at 

the electrode. Second, the dissolution of the oxidised mediator, M, from the electrode 

surface can also produce a transfer of charge. Thus assuming that ,

M s+olv

contributes to the overall current, then the time variable current, i*, is given by,

i* =  AFD dm,
dz + dz 5.2
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The negative sign indicates that the concentration gradients for M and lie in opposite 

directions.

In the Laplace domain, the impedance, Z, is given by

Z  =  4 E  where s=iu 5.3
si.

The concentration of M can be considered as consisting of a time independent component, 

m, and a time dependent contribution, m ,0, thus

mtot =  m +  m , 0  5.4

In Case I, m * >0 is described by the following equation,

T^2m*,o ,D ' =  km* o -f 
5 z

5m * [0

dt

Solving using Laplace transforms gives

m_ *,om* =  - g — exp - k +  s 
N D

Differentiating and setting z =  0

5m* | _  m*,o

, dz l  ~~ s > D
s -f- k

A similar treatment for the reduced mediator yields,

5m*
5z

m*0
s>[D

[ JT T T  -  < i ]

Substituting eqns 5.7 and 5.8 into eqn. 5.2 gives

si* =  m* 0  AF-^D ^ 2 Ĵs + k  — >fs 

Therefore combining eqns. 5.1, 5.3 and 5.9 gives

Z =  RT (  1 \
A-^D F 2am y 2-js+lc — f s  J

5.5

5.6

5.7

5.8

5.9

5.10
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If

and

then

a _  w
6 - k

z„ = RT
2A^Dk F 2am

5.11

5.12

— 4*̂  +  1 — ^4$ 5.13

Thus an a.c. analysis of Case I results in the following expression for the 

impedance,

|  =  i f [ (i +  W  + i]1/2_  f  +  ;([(i + i ] '/2-  § } )

5.14

For small 9, eqn. 5.14 reduces to

Z0    i _  4~fl _  /'4~fl
z _  2 ^ 2  2 4 2  

whilst at large 9,

ZQ _  4# , /4fl 
z 2^2 +  2^2

A similar analysis for Case II yields,

5.15

5.16

Z =_  RT
A4d  F2am l -Js +  k — 4s

5.17

and

Y  =  ^ 2  ( & 1 +  02)1 /2  +  ^ 1 / 2 _  ^  +  ' { & 1 +  92)1/2 ~  ^ I / 2 _  ^

Now, for small 9,

5.18

Zo   .. _  4$ _ /4#
Z -  42 42

and for large values of 9,

5.19
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The above analysis shows that at low 6 both Cases I and II show similar

behaviour (eqns. 5.15 and 5.19). However at large 6 they behave very differently and this

makes it possible to distinguish between them.

The observed real and imaginary impedances, X ; and Y 1 respectively, were

normalised by the following method,

and Y =
(X ')2 +  (Y ')2

5.2 EXPERIMENTAL

5.2.1 Chemicals and Solutions

All experiments were carried out using pH 7.4 buffer containing 0.1M phosphate

and 0.15M NaCl as in §2.2.1. Glucose oxidase was obtained from Sigma. Modified enzyme 

was prepared as described in §4.3.2

5.2.2 Electrodes

Electrodes were fabricated as described in §2.1.3 and §4.3.3. Electrodes made with 

polystyrene (PST) binder were used unless otherwise indicated.

5.2.3 Procedure

The experiments were performed using a frequency response analyser (Solartron 

Instruments 1250) using standard techniques. A 20mV peak-to-peak a.c. ripple was 

applied in all the experiments. The electrodes were rotated at 9 Hz unless otherwise 

indicated. Solutions were degassed using argon. All potentials were measured with respect 

to a saturated calomel electrode.

An enzyme concentration of approximately 100 U/mL was used unless otherwise

indicated, hre
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5.3 RESULTS

5.3.1 Impedance Spectrum of GOD/Glc

The complete impedance spectrum for glucose oxidase at 0, +125, +190, +250 

and +300 mV and at a series of substrate concentrations, ranging from 250 /iM to 200 

mM, is shown in Figure 5.1-5.13. Two points are worth noting. First, it is apparent that 

the real impedance, X*, increased with the electrode potential. Second, at a given 

electrode potential, the imaginary impedance, Y*, decreased as the glucose concentration 

was increased. Also at high [glc] the impedance spectrum began to exhibit “semi-circular 

behaviour” . The effect was most pronounced at the higher electrode potentials, namely 

250 and 300 mV. When the electrode was poised at the latter potential, the impedance 

plots at [glc]>5mM crossed the X1 axis and began forming a second loop. Thus at low 

frequencies the impedance became inductive. Since the effect was most marked at 300 mV 

further investigations were carried out at this potential.

5.3.2 Determination of the Low Frequency D.C. Limit

In order to determine whether the low frequency a.c. limit in the inductive region 

tended towards the d.c. limit, the electrode was held at 289, 300 and 311 mV and its d.c. 

resistance evaluated. A value of 24.4 kfl was obtained. This was compared to the 

impedance at the low frequency limit in an experiment with the electrode poised at 300 

mV with a peak-to-peak a.c. ripple of 20 mV. Figure 5.14 shows that the impedance at 

the low frequency limit does indeed approximate closely to its d.c. equivalent.

A plot of u / Y 1 against J 2 suggested that the system was exhibiting Randles (3) 

behaviour in the high frequency region. However a confirmatory plot of l/X^w against 

1/w2 did not produce a straight line, giving instead a sharp “dog-leg” . The first plot gives 

added weight to the high frequency points whilst the latter is biased to those at the lower 

end of the frequency spectrum. By plotting l/Y^w against 1/w2, the points at lower 

frequencies are again given added weighting. This also produced a non-linear plot. Thus it
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•e 5.1 Impedance spectrum : GOD/glc on PST/TTF-TCNQ, 0 mV, 

IK-0.1 Hz

0 12 16 
(Thousands)

RE/OHMS
0 38rnM + 74mkl

20 24
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Figure 5.2 Impedance spectrum : GOD/glc on PST/TTF-TCNQ, +125 

mV, IK-0.1 Hz

RE/OHMS
□ 2 5 P  : + SmU *  10mM A 20mM X 57mM
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Figure 5.3 Impedance spectrum : GOD/glc on PST/TTF-TCNQ, +190 

mV, lK-O.lHz

5mH
RE/OHMS 

A 20mM+ o lOnM X M l v i m \ m
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Figure 5.4 Impedance spectrum : GOD/glc on PST/TTF-TCNQ, +250 

I mV, IK-0.1 Hz

( t a a n d s )
RE/OHMS

sq^u +  5mM 0  10mM A  2CmM X S n M  V 7 M
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Figure 5.5 Impedance spectrum : GOD/glc on PST/TTF-TCNQ, +300

mV, IK-0.01 Hz

(Ttousinds)
RE/OHMS

5 P  +  5mH 0  ICmM A 2CmM X 3&nM V 7 M
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e 5.6 GOD/250 /xM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz
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e 5.7 GOD/5 mM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz

n
□
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Figure 5.8 GOD/IO mM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz

(Thousands) 
R E/O H M S
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Figure 5.9 GOD/20 mM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz

0 20 40 60 80 100 120 140 160 Iff) 200
( t a a n d s )

R E /O H M S
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Figure 5.10 GOD/38 mM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz

(ta sa n d s )  
R E/O H M S



Chapter 5: Mechanistic Studies Using A. C. Techniques 217

Figure 5.11 GOD/74 mM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz
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Figure 5.12 G O D /115 mM on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz

(T to ira d s) 
RE ( M S
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Figure 5.13 G O D /187 mM glc on PST/TTF-TCNQ, +300 mV, IK-0.01 Hz
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Figure 5.14 Determination of the low frequency D.C. limiting 

resistance, 187 mM glc, +300 mV, IK-0.01 Hz

0 40 80 120 160 200 240 280 320
(T t a n d s )

RE/OHMS 
+ I S M  Q£□ GOD
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appears that the method of data analysis affects the interpretation of the results.

The Randles model assumes that at high frequencies the Warburg impedance is 

negligible and the equivalent circuit consists of a resistor in series with a parallel 

capacitor/resistor combination. However the system in question is more complicated since 

the inductive element begins to affect the system before Y/ passes through its maximum 

positive value.

5.3.3 A.C. Behaviour using Modified GOD

The impedance behaviour of GOD modified by T T F ° was examined at a 

potential of 300 mV (Figure 5.15). The glucose concentration (187 mM) ensured that the 

enzyme was saturated. The results were compared with those obtained using unmodified 

enzyme. Both sets of data produced impedance plots exhibiting inductance loops.

5.3.4 A.C. Behaviour of the Bare Electrode and the Effect of 

Increasing the Bulk Enzyme Concentration

The impedance spectrum of a newly-made bare TTF-TCNQ electrode made with 

PST binder was compared with that obtained on adding glucose (200 mM) (Figure 5.16). 

No noticeable difference was observed. However on adding GOD a cochleated impedance 

spectrum was obtained. When the concentration of enzyme was increased the radius of 

the spiral decreased (Figures 5.17).

5.3.5 Effect of Adsorbed Enzyme

Electrodes with preadsorbed GOD were used in order to examine whether the 

process of enzyme adsorption played a significant role in determining the nature of the 

impedance spectrum. The impedance plot (Figure 5.18) showed “semi-circular” behaviour 

on adding glucose to the solution when GOD was not present in solution. When GOD 

was added to the bulk, Y ( became negative and Xf decreased in magnitude, the latter 

being in keeping with the observed increase in current. The response was characteristic of 

a system possessing an inductive element. As the concentration of GOD was increased the
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Figure 5.15 Comparison of the impedance spectra of modified and 

unmodified GOD, 187 mM, +300 mV, IK-0.01 Hz

0 40 80 120 160 200 240 280 320
! ( It a n d s )

RE/0HMS
0 TTF-UODIFED GOD + GOD
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Figure 5.16 Impedance spectrum of glucose on a PST/TTF-TCNQ 

electrode in the absence of GOD, +300 mV, IK-0.01 Hz

0 40 80 120 160 200 240 280 320
(Thousands)

RE/0HMS
Ql«7mM(E 0 25 U/mL GC0 i lOOU/mLGCO
+ fwterwMi % 2oo £ oj>



Chapter 5: Mechanistic Studies Using A. C. Techniques 224

Figure 5.17 Effect of increasing [GOD] on the impedance spectrum, 

; 187 mM glc, +300 mV, IK-0.01 Hz

(T to irad s)
RE/OHHS

□ 25 U/m L GOD + 100 U/m L GOD *  200 U/m L GOO
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Figure 5.18 Impedance spectra obtained using adsorbed GOD and 

the effect of adding GOD to the bulk solution, 187 mM 

glc, +300 mV, IK-0.01 Hz

RE / M S
+ GOD + EKGD « GtT + ADSGOO

A  iO O  Uy/Atl £ )  2CO  U / t ^ \
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system behaved as in §5.3.4.

5.3.6 A.C. Behaviour at Low Enzyme Concentrations

An experiment was performed using ~  8 U/ml GOD (Figure 5.19). This was in 

contrast to previous experiments at fixed enzyme concentrations which had used ~  100 

U/ml GOD. The impedance spectra obtained at a bare electrode and at low [glucose] (10 

/*M) were very similar. On increasing [glucose] the plots began to curve over, however 

they did not cross the axis. Negative values of Yl were only obtained when GOD was 

added to the bulk, bringing the total enzyme concentration to ~  110 U/ml.

5.3.7 A.C Dependence of Rotation Speed Behaviour

The results are shown in Figure 5.20. The experiments were carried out using 

[GOD]~100U/ml and [glc]~190mM. Inspection shows that X* decreases with rotation 

speed at a given substrate concentration. This is equivalent to the current increasing with 

rotation speed and is in accord with the results of the rotating disk studies described in 

the previous chapter (§4.4.2.1).

5.3.8 Variation of Rotation Speed at Low Glucose Concentrations

The rotation speed dependence was also investigated at [glc]~10 mM and 

[GOD] ~  110 U/ml (Figure 5.21). On adding substrate the imaginary impedance, Yf, 

exhibited the characteristic curved behaviour. However it did not become negative at low 

frequencies. As the rotation speed was increased from 1 to 25 Hz, Xr was observed to 

decrease whilst the d.c. current increased.

5.3.9 A.C. Behaviour of Si-Oil Electrodes

Figures 5.22 - 5.24 show the impedance profiles obtained from Si-oil electrodes 

in the presence of GOD and varying conentrations of glucose. Electrodes fabricated using 

Si-oil show a much greater impedance on both the real and imaginary axes than those 

made using PST binder. Inductive behaviour was observed, although to a lesser extent

than with PST electrodes.
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Figure 5.19 Impedance spectrum using low [GOD], 8 U/ml, +300 mV, 

187 mM glc, IK-0.01 Hz

0 200 400 600
(Thousands)

R E /O H M S
« 5mMGLC A  10mM GL£+  25C(jM G I£  

a 8K6J>

X 2 0 m M Q £
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Figure 5.20 Effect of rotation speed on the impedance spectrum, 

187 mM glc, +300 mV, IK-0.01 Hz

0 ; 200 400 600
1 (Ttousmds)

RE/OHMS

0 EKGD + 9Hz *  2SHz A 1Hz
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Figure 5.21 Effect of rotation speed on the impedance spectrum at 

low [glc], 10 mM, +300 mV, IK-0.01 Hz

0 40 SO 120 160 200 240 280
(Thousands)

R E / M S
□ EKGD + 1HZ $ SHZ A 25HZ



350

300

250

200

150

100

50

0

-50

■ 100

i s t i c  S tu d ie s  U s in g  A .  C . T e c h n iq u e s 230

5.22 GOD/5mM glc on Si-oil/TTF-TCNQ, +300 mV, IK-0.01 Hz
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5.23 GOD/20 mM glc on Si-oil/TTF-TCNQ, +300 mV, 

IK-0.01 Hz
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Figure 5.24 GOD/187 mM glc on Si-oil/TTF-TCNQ, +300 mV,

; IK-0.01 Hz
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5.4 DISCUSSION

5.4.1 Si-Oil/TTF-TCNQ Results

It was decided to analyse the real impedance data since the&did not contain any 

contributions from the double-layer capacitance Cw. Since the values of X based on the 

experimental data passed through a minimum (Table 5.1), an attempt was made to fit 

the results obtained at 187 mM glc to Case I. A plot of X against u has a gradient g 

and gives an intercept X0, which corresponds to X© , the value of Xr at which Y; =0 . 

Thus,

X =  X0 -  5.21

Considering the real part of eqn. 5.14

r< i + * >  ), / 2+ i t 3
& 2\2k 5.22

Substitution for g followed by rearrangement gives

(x +  g^ Y _  ( i +  )1/2 + 1
l  x ° ~  2

X +  i

. Xo )  2

_ i + e 2 _= y

Since 6 =  w/k

y =  \ + ^  =  \ +  ̂

At the low frequency limit,

X +  g''fw 
X0

~  1 + W. 
“  2 +  2k

5.23

5.24

5.25

5.26

A plot of y against u 2 at low frequencies, upto 1 Hz, yielded a good straight line, with 

gradient, G =  14, which gave a value of 0.134 s-1 for k (Figures 5.25 and 5.26).
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TABLE 5.1

Values of 106X for Si-oil/TTF-TCNQ, at 5, 20 and 187 mM glc

w 2/ H z 5mM 20mM 187mM

0.01 2.15 1.86 2.36

0.014 2.14 1.83 2.12

0.021 2.10 1.80 2.07

0.031 2.04 1.76 1.94

0.046 1.99 1.75 1.82

0.068 1.91 1.70 1.73

0.1 — 1.70 1.65

0.14 — 1.73 1.54

0.21 1.66 1.66 1.51

0.31 1.62 1.64 1.49

0.46 1.63 1.63 1.53

0.68 1.69 1.65 1.61

1.0 1.84 1.69 1.82

1.46 2.12 1.82 2.17

2.15 2.52 1.99 2.84

3.16 3.25 2.30 4.00

4.64 4.49 2.87 6.21

6.8 6.64 3.90 10.2

10 10.6 5.85 ~ 17.6

14 17.8 9.45 31.1

21.5 31.2 16.3 65.4

31.6 56.4 29.4 97.8

46.4 102.2 54.7 167
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A similar plot for moderate frequencies, ie. 1-10 Hz, provided a different value for k, 

0.108 s_1.

The above model assumes that one electron is produced for each molecule of 

mediator entering solution. However in TTF-TCNQ the molecules carry non-integral 

charges, TTF+0‘59TCNQ-0'59, thus a further refinement can be introduced by 

considering the involvement of a fractional charge for the solvation of the mediator 

species,

^surf * Maq

thus now,

v _ x o
X “ 42

1 / 2

(1 +  02 )V2 + 1 — Qr-'Jl? 5.27

Then from a plot of X (for the 187 mM glc data, Table 5.1) against -fw, the gradient, g, 

is given by

g = 5.28

Thus from the plot g=3.5, 10sXo =2.55 Q 1, k =  0.134 s 1 and <* =  0.711. Considering the 

Laplace forms of the original expressions (eqn 5.10)

a. for no generation of charge 

■ Js +  k — -fs

b. for full charge transfer

2  ̂s -|- k —

c. for the intermediate case

( 1 +  P )<Js +  k —

Assuming ar=0.71 then since a =  l / ( l  +  /?), /?~0.41.
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Figure 5.25 Plot of y against u>2 for Si-oil/TTF-TCNQ with 187 mM 

glc, w up to 1 Hz

w2
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Figure 5.26 Plot of y against w2 for Si-oil/TTF-TCNQ with 187 mM 

glc, <jj up to 0.316 IIz

w2
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The new expression for y is,

y =  ( (  1 +  0 2 )1/2 -f 1^ — 5.29

Let 1 +  62 =  C> then,

y =  ( <1/2+  1 )1/2 -  a( C -  1) /4 

M  =  4C1/2( / /2+  1 )1/2 ”  4( C - 1  )3/4

5.30

( 1 _  I )3/ 2 =  * 2 ( 1 + 5.31

Using or =  0.71 the above equality is satisfied with C=5, giving a value for k of 0.16 s 

reasonable agreement.

On comparing Xca|c with XQbs (Table 5.2), good agreement was obtained until 

2Hz. However after this the model began to breakdown. This occurred because X1 

lacked a term for the uncompensated solution resistance, RE.

At high w,

X' =  X' -  Rr

therefore,

Xcorr =
X' -  Rr

(X' -  RE)2 +  (Y')2

5.32

5.33

When this was taken into consideration much better agreement was obtained between the 

theoretical and observed values. As evidenced by Xcorr , at high frequencies X oc u and 

not u> . A similar treatment for values of Y led to reasonably consistent values of 10 C 

between 1 Hz and 464 Hz, ~  0.0080 F at very high frequencies and ~  0.0097 F at 

moderate frequencies (Table 5.3). Thus the inclusion of RE corrects the Y values and 

confirms that X has an extra term and is of the form

X =  a ui1̂ 2 +  bu> 5.34
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TABLE 5.2

Comparison of Xca|C with Xobs for Si-oil/TTF-TCNQ data at 187 mM glc

w/Hz u ' W 0 ' 1 105X(

0.01 2.35 2.20

0.015 2.13 2.13

0.021 2.07 2.05

0.0316 1.95 1.95

0.046 1.82 1.83

0.068 1.73 1.71

0.100 1.65 1.60

0.146 1.55 1.50

0.215 1.51 1.44

0.316 1.49 1.44

0.464 1.50 1.49

0.681 1.61 1.60

1.00 1.82 1.77

1.47 2.17 2.01

2.15 2.84 2.32

3.16 4.61 2.72
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In order to investigate the behaviour of Y at low w,

( 1 + e 2 )1/2 -  1
1 / 2

cr$9 +  C u> 5.35

At very low w, since Cw is negligible, Y ~  XQ[ ], this gives a reasonably constant value 

of C from u> =  0.03 to 10 Hz proving the validity of the model (Table 5.4).

Considering the data at 5mM (Table 5.5 and 5.6), a very good fit is obtained 

once the X and Y values are corrected for RE, RE =  810 fi.

A further point to note is that the frequency, likewise 0, has been measured in 

Hz. In order to convert to radians,

k/s
■j where k =  27rkfr 5.36

If kfr ~  0.2 s 1 then k ~  I s  \  then the reaction layer thickness is given by
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TABLE 5.3

Corrected Y values, Ycorr, for Si-oil/TTF-TCNQ data at 187 mM glc

Ul 103Ycorr/ft 103Ycc

1000 37 0.037

464 3.58 0.0077

214.5 1.56 0.0072

100 0.76 0.0076

46.4 0.382 0.0082

21.5 0.169 0.0079

10 0.091 0.0091

4.64 0.044 0.0095

1 0.0098 0.0098

/w (Hz/IT1)
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TABLE 5.4

Values of C for Si-oil/TTF-TCNQ data at 187 mM glc

w/Hz 106C/F

0.01 1.6

0.0146 3.7

0.0215 5.76

0.0316 8.45

0.0464 7.95

0.0681 8.53

0.100 8.54

0.147 8.63

0.215 8.56

0.316 8.54

0.464 8.53

0.681 8.61

1.00 8.62

4.64 8.86

10 8.67

21.5 7.6

46.4 8.0

100 7.5

215 7.2

464 7.6
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TABLE 5.5

Low frequency data for the Si-oil/TTF-TCNQ electrode at 5 mM glc

w/Hz l o X ^ / s r 1 l O ^ . c / f i - 1 106C/F

0.01 2.15 2.20 —

0.015 2.14 2.16 —

0.0215 2.11 2.11 2.8

0.0316 2.04 2.06 4.6

0.0464 1.99 1.99 5.7

0.0681 1.91 1.92 6.0

0.100 1.79 1.83 6.15

0.147 1.74 1.75 6.6

0.215 1.66 1.68 6.7

0.316 1.62 1.64 6.7

0.464 6.7

0.681 6.75

1 6.76

1.46 6.8

2.15 6.3
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TABLE 5.6

High frequency data for the Si-oil/TTF-TCNQ electrode at 5mM glc

w/Hz 103Y/Q_1 104C/F 103X /f i_1 103Xca,c

681 4.40 0.065 0.76

464 2.70 0.058 0.553

316 1.83 0.058 0.376

215 1.28 0.0595 0.241

147 0.901 0.0613 0.150

100 0.636 0.064 0.093

68 0.447 0.066 0.0569

46 0.313 0.067 0.0346

31.6 0.217 0.069 0.0214

21.5 0.151 0.070 0.0140

14.6 0.104 0.071 0.0092

10 0.0724 0.072 0.0064

6.8 0.0500 0.074 0.0050 0.00381

4.64 0.0346 0.0745 0.00370 0.00321

3.16 0.0239 0.0755 0.00287 0.00273

2.15 0.0165 0.0765 0.00234 0.00235

1.47 0.0113 0.077 0.00203 0.00207

1.00 0.0078 0.078 0.00181 0.00186

0.681 0.0053 0.078 0.00167 0.00172

0.464 0.0036 0.077 0.00162 0.00165
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5.4.2 Applying the Homogeneous Model to the 

PST/TTF-TCNQ Results

An attempt was made to fit the PST electrode data to the homogeneous model 

proposed for the Si-oil electrode. The X values followed the same general trend giving a 

shallow minimum and then increasing (Table 5.7). The value of a  was again assumed to 

be 0.71 since if a  homogeneous mechanism was indeed operating then a  must be the 

same.

x =  Xg
1 /2

( i +  o2 )'n  +  1 — + Rc 5.37

The parameters governing the system are XQ, k and a  (0.71). It is possible to obtain a 

value for k and hence 6 from the minimum value for the above expression. Rewriting as

X = -f- R|r 5.38

then a plot of X against f gives XQ and RE (vide infra). Inspection of the X values at 187 

mM glucose (Table 5.7) shows that the minimum value lies between 0.0562 and 0.0178 

Hz. Thus if,

Xl,yi =  0.0562 , 0.55 

x2,y2 _  0.0316 , 0.505 

x3,y3 =  0.0178 , 0.543

then,

y ^ ym +  a( xl -  x m )2 5 .3 9

therefore,

yi -  y2 =  *{(  -  x m )2 -  ( x 2 -  x m )2}  =  a( x x -  x 2 )( xx +  x 2 - 2 x m ) 5 .4 0

y3 -  y2 =  a{( x 3 -  x m )2 -  ( x 2 -  x m )2!) =  a( x 3 -  x 2 )( x 3 +  x 2 - 2 x m ) 5 .4 1

and
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TABLE 5.7 105X /n _1

X values for the PST/TTF-TCNQ electrode at 0.25, 5, 20, 40 and 187 mM glc

w/Hz [Glucose]/mM

0.25 5 20 40 187

10 44.4 44.1 43.2 43.1 41.5

5.62 20 20 19.7 19.4 18.4

3.16 8.26 8.26 8.20 8.20 7.75

1.78 3.50 3.56 3.61 3.66 3.51

1.00 1.66 1.70 1.81 1.91 1.83

0.562 0.89 0.94 1.07 1.18 1.15

0.316 0.55 0.61 0.76 0.87 0.86

0.178 0.366 0.448 0.60 0.719 0.70

0.100 0.267 0.373 0.510 0.637 0.62

0.0562 0.200 0.347 0.461 0.571 0.55

0.0316 0.161 0.370 0.461 0.532 0.505

0.0178 0.141 0.437 0.562 0.585 0.543

0.01 0.102 0.521 0.862 1.04 0.781

0.01 0.099 0.493 0.833 1.10 0.83
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Yi ~  V2 x3 -  x2 _  xx +  x2 -  2xm _  
X1 ~  x2 * y3 “  y2 x3 +  x2 — 2xm 5.42

thus

xm X 1 +  x 2 +  <f>( x 2 +  x 3  )

2( 1 +  0 )
5.43

Hence 0=0.664, wm=0.0362 Hz and since 0m= 2, k=0.0181 s x. Thus the value of k is 

approximately one tenth that of the Si-oil electrode.

A plot of X against f (figure 5.27) gives 

X0 =  0.933 x 10~5 fT 1

(A h eo r =  1-07 x 105 S) cf. (Xi)obs =  1.30 x 104 Q 

Two problems are immediately apparent. First, the value of X© from the gradient of the 

graph does not agree with the measured value; the spiral goes much nearer to the origin 

than predicted by the homogeneous model. Theoretical calculations show that the 

homogeneous model is unable to account for spirals which approach the origin so closely 

(4). Second, the value of k is different at the two types of electrode, a homogeneous 

pathway would require k to be the same. Also, application of the same type of analysis as 

in §5.5.1 to obtain values for Y and C does not produce satisfactory results (Table 5.8).
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Figure 5.27 Plot of X against f ( 9 , a  ) for PST/TTF-TCNQ with 

187 mM glc

f



C h a p te r  5: M e c h a n is t i c  S tu d ie s  U s in g  A .  C . T e c h n iq u e s 249

TABLE 5.8

Values of C for the PST/TTF-TCNQ data at 187 mM glc using the homogeneous model

u//Hz 105C /F

0.01 -ve

0.018 -ve

0.032 12.6

0.056 5.1

0.100 6.8

0.178 7.5

0.316 7.9

0.562 8.2
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5.4.3 A Combined Model

A number of different models were devised in an attempt to explain the results 

obtained with the PST/TTF-TCNQ electrode. These included a two step model of the 

form

A
k2

C
k-i

where the first step involved a potential dependent process, perhaps adsorption, followed 

by a substrate dependent step. Other possible mechanisms included a two state model, a 

model involving heterogeneous redox catalysis and a combined mechanism coupling some 

surface process with the two state model (4).

The main conclusion drawn from these proposed mechanisms was that two 

parallel processes were operating and the observed d.c. flux was the sum of the individual 

fluxes

Jd.c Jhom Jhet

The impedances were related according to the following expression

_ i_  =  _ J _  +
^obs ^hom ^het

As the Si-oil data Fitted Case 1 of the homogeneous model it was decided to 

combine this with a mechanism which proceeded via a simple one step heterogeneous

process

ki C k2

Then,

and

dc
dt kj k2c 5.44
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5.45

application of an a.c perturbation gives,

dc*
dt =  QkxP —/?k2PcQ k2c, 5.46

Taking Laplace transforms,

sc* (a -  /?)kxP 
s k2c* 5.47

Rearrangement gives,

_  (or -  /?)k1P 
s(s +  k2)

5.48

Therefore, assuming /? is negligible,

7 _  AFok1k2P 
s(s 4- k2)

5.49

Thus the heterogeneous impedance is given by,

1 _  AF2ak1k2
Zhet RT(k2 +  tU})

1 _  AF2ak1k2 (  k2 — iu 
Zhet 1 k2 +  u>~

5.51

where
'het

AF2akx 
RT '

5.52
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The combined model for the PST system, ignoring RE, is

1 -  /(cj/khet) 

1 + (w/ khet)2

+ i]1/2 -

■f* iCu 5.53

where 0 =  w/khom. 5.54

1 / 2Analysing the data at 187 mM [glc] at a PST electrode, a plot of X vs. u

gives a value of 0.7xl05 f2_1 for (Xo)hom with g~1.20. From a plot of y vs. w2 (Fig. 

5.28), G=154, thus from eqns. 5.25 and 5.26 k̂ r~0.04 s-1 and <* =  0.49. Table 5.9 

compares Xca)c with Xobs. Analysis of the Y data gives good values for C from 0.1 to 10 

Hz (Table 5.10).

Since (Xo)obs =  1.3 x 104 Q and

Examining the PST data with [glc] =  187 mM, the fit for X at w=0.01 Hz is 

evaluated as follows,

(Xo)obs =  4t =  7-69 x 10~5 « ' *A0
then

105 [(Xo)hom +  (Xo)het] =  (X o)obs =  ™ 9

since from above 105(Xo)hom=0.7 fi \  then, 105(Xo)het=7.0. ft 1

105 ( x het +  Xhom ) =  0.82 n - 1

105 X hom  =  0 .5 8  f t - 1

105 Xhet =  0.24 fT 1
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5.28 Plot of y against u>2 for PST/TTF-TCNQ with 187 mM 

glc
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TABLE 5.9

Values of X for PST/TTF-TCNQ data at 187 mM glc using the combined model

w/Hz 10SXObS/ n_1 105X(

0.0178 0.544 0.554

0.0316 0.506 0.531

0.0562 0.553 0.530

0.100 0.620 0.570

0.178 0.66 0.69

0.316 0.82 0.80

0.562 0.97-1.04 1.01

1.00 1.26-1.49 1.32

1.78 1.85-2.52 1.73

3.16 2.9-4.9 2.27
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TABLE 5.10

Values of C for PST/TTF-TCNQ data at 187 mM glc using the combined model

w/IIz 104C/F

0.0178 2.8

0.316 1.9

0.0562 5.9

0.100 7.6

0.178 7.9

0.316 8.2

0.562 8.6

1.000 8.7

1.780 8.7

3.16 7.8-8.7

5.62 8.3-8.6

10 8.1-8.9
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Since Xhetoc 1/Zhet , then 

(Xo)het^het — 1 , (.. /i. \21 +  (w/k het)"
5.55

Therefore at 0.01 Hz

1 _  0J24
1 +  (w/khet)2 7

thus cj/khet=5.3 and khet =  27r(0.1/5.3) =  1.2xl0-2 s-1. At w=0 Hz, 105(Xo)jiet= 7  

Q~l. At lower frequencies, as khet is more sensitive to changes in frequency and is smaller 

in magnitude than kbom , Xhet is reduced more quickly than Xhom. Thus 105Xhet falls 

from 7 to 0.24 ft-1 as u increases from 0 to 10 mHz.

Considering Y,

Y  _ (^ o )h e ta,/k |iet
het 1 +  (u>/khet)2

Therefore at 0.01 Hz,

105Y =  Yhet +  Yhom +  Cu, 
=  -1.28 -  0.03 +  0.09

105Y =  -1.22 Q-1

as compared to the observed value of —1.21 fi-1. Table 5.11 gives the theoretical and 

experimental values of Y and compares the contributions of the homogeneous and 

heterogeneous pathways for frequencies up to 178 mHz.

The work in this chapter shows that the “spirals” can be fitted by a combination 

of the heterogeneous one step mechanism and the homogeneous reaction. The full 

contribution of all three terms to Y is shown in Figure 5.29. At low frequencies Yobs ~  

Yhet but as the frequency is increased the contribution of Yhom becomes more 

significant. The Yhet component falls off rapidly and Yobs is soon dominated by Yhom
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TABLE 5.11

The contributions of the homogeneous and the heterogeneous pathways 

to the value of Y. The table shows the good correlation between Yca|C

and Yobs

w/mHz 105Yhet l ° BYhom 105Cu; 105Ycalc 105Yobs 4

17.8 -0.73 -0.01 0.15 -0.59 -0.56 9.4

31.6 -0.42 0.04 0.23 -0.15 -0.015 16.7

56.2 -0.235 0.134 0.49 0.39 0.45 29.6

100 -0.132 0.260 0.87 1.00 1.00 53

178 -0.07 0.422 1.55 1.90 1.83 94.3

Yhom » Yhet are in Q 1
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Figure 5.29 Plot comparing Yca|C with Yobs for PST/TTF-TCNQ with 

187mM glc, showing the contributions of Yhet, Yhom and 

1 Cw

D Yharri +  Y h i
Frequency (Hz) 
i  Ox A Y d c x  Yebe
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and the double layer capacitance Cw.

The observed d.c. currents can be considered as being observed at w=0 Hz. Since 

the value of (X0)het — 10(Xo)hom and bearing in mind that the theoretical model 

predicts that the system follows the heterogeneous pathway at low frequencies, as u -* 0 

Hz, this accounts for the much larger currents seen at PST electrodes as compared to 

those at Si-oil electrodes which are produced entirely by the homogeneous pathway.
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APPENDIX A
THE HOMOGENEOUS MEDIATION MECHANISM

This theory deals with an enzyme electrode where electron transfer from the 

enzyme to the electrode is achieved by a mediator reacting in solution.

The reactions may be summarised as :

Solution
k E ,

E +  S --- E '+  P

E '+  M kM > E +  M;

Electrode

M;---- ► M

The enzyme, E, reacts with substrate, S, with a rate constant kE. Under 

saturated conditions kE= k cat, whilst if the enzyme is unsaturated

kE =  A.l
1VM

It is assumed that [S] is sufficiently large to ensure that there is no concentration 

polarisation in the electrode diffusion layer. It is also assumed that all the enzyme in the 

bulk solution is in the reduced form, Ê .

When considering the mediator two different cases can arise. First, as in the case 

of organic salts, where the electrode is the source of the mediator, the bulk concentrations 

of both M and M/ are zero. The obvious second case occurs when the mediator is supplied 

from the bulk where it is present as M*. Since more than one electron may be transferred 

for the oxidation of an enzyme molecule the treatment below assumes that only the 

transfer of the first electron is rate limiting. It is also assumed that all reaching the 

electrode is oxidised and that this step is fast and not rate limiting.
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A.l The Differential Equations and Boundary Conditions

The equations describing the diffusion and kinetics of the four species M, M;, E 

and E* within the diffusion layer of thickness ZD are:

DMd2m/dz2 — kMe;m =  0 A.2

DMd2ml/dz2 4- kMe'm =  0 A.3

D^d2ef fdz2 — kMe*m 4- kEe =  0 A.4

DEd2e/dz2 -f kMe;m — kEe =  0 A.5

Lower case letters denote the concentrations of the various species and it 

the diffusion coefficient is the same for both oxidised and reduced species.

The boundary conditions are given below:

i. At the electrode surface where z =  0:

is assumed that

m =  mQ A.6

n / =  0 A.7

( i ) 0= ( f e ' ) 0 = °

ii. At the outside edge of the diffusion layer where z =  ZD

A.8

m =  m '=  0 A.9

e =  0 A.10

«' =  eE A .ll

where e^ is the total concentration of all enzyme species present.

The flux of electrons, j, from the conversion of to M at the electrode surface, 

involving n electrons is given by

Addition of eqns. A.2 and A.3 followed by integration yields an expression 

linking m and m;
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m + m' = m 0(l - £■) A.13

Similarly addition of A.4 and A.5 followed by integration gives

e +  e =  e, A.14

These equations are now expressed in terms of dimensionless variables. Let u =  

m/ mO) u* — mVm0, v =  e1 /e^, X =  z/Zq , — k| |̂ZQ2e^/D|^, =  k ^ Z ^ /D g  and

7 =  kMmQ/kE. Substitution of eqn. A.14 into eqns. A.2 and A.4 gives

a2u
dx‘

=  « M UV A.15

0  =  7 * e uv -  ke ( 1 -  v ) A.16

and from eqn. A.13

u +  u' =  1 — x

The boundary conditions are now:

at x — 0 , u =  1, û  =  0 and ^  =  0
dx

at x =  lj u =  u; =  0 and v =  1

A.17

A.18 

A.19

A.20

The flux of electrons is given by

nPMm0 /g jA  
J _  ZD l s x J0

From eqn. A.20 it is apparent that the dimensionless parameter (dur/dx)o needs 

to be determined in order to obtain a solution for j. Two general relations can be derived 

for this parameter. Firstly from eqn. A.17

( » „ -  - O i l - '

Alternatively if the uv term is eliminated from eqns. A.15 and A.16 then

A.21



A p p e n d ix  A : T h e  H o m o g e n e o u s  M e d ia t io n  M e c h a n is m 264

where

o _ KM _ PEeS 
P “ 7«e “ DMm c

Integration and application of the boundary conditions at x =  0 gives
X X '

v -  vQ ) +  1-  u +  ( f ^ ) Q=  “  Pke \  |  ( v )dx,,dx/
0 0

Applying the boundary condition at x = l  and using eqn. A.21

1 X

(tx )o  =  P ( 1_ V°  > +  /?Ke|  {  ( l~  v ) d* " d* '
0 0

A.22

A.23

A.24

A.2 The Physical Significance of the Dimensionless Variables

The parameters ke and compare the diffusion layer thickness, ZD, to a 

reaction layer thickness. Thus for /cM the reaction layer thickness is that belonging to M
l/2

and is given by (DM/kMey. ) ' whilst in the case of /cE it is the enzyme reaction
l/2

reaction layer thickness, (DE/  kE) ' . Since a reaction layer thickness is inversely

proportional to the rate of reaction,

_  diffusion layer thickness _  rate of reaction E+M  
M — reaction layer thickness E+M  — rate of diffusion of M

_  diffusion layer thickness _  rate of reaction E + S  
E — reaction layer thickness E + S  — rate of diffusion of E

The parameter k^  is a measure of the likelihood that the mediator M will react with a 

molecule of reduced enzyme before it can escape the diffusion layer. Hence if /cM> l ,  i.e. 

the diffusion layer thickness is greater than the reaction layer thickness then it is more 

probable that M will react with Ê  rather than escape. Conversely if then the

majority of M escapes from the diffusion layer without reacting.

Similarly the parameter /cE weighs up the chances of E being converted to E7 in
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the diffusion layer. If « E>1 then most of E will be converted back to E* before it can 

escape from the diffusion layer. If « E<  1 then most E will escape from the diffusion layer 

before being converted to E*.

The parameter 7 describes the local steady state between the two enzyme forms 

at the electrode surface.

_  rate of reaction E;+M 
rate of reaction E + S

If 7<1 , implying kMmQ< k E, then the predominant form at the electrode surface, E ,̂ is 

the same as that in the bulk. However if 7>  1 then, if the kinetics are sufficiently rapid to 

establish a steady state, the predominant form at the electrode surface will be E. In this 

case the predominant form of the enzyme switches from being E to E* somewhere in the 

diffusion layer.

A.3 Cases I and II

Consider the situation when 7<Cl. Since this implies that both u and v are less 

than unity, the 7« Euv term in eqn. A. 16 is negligible compared to /cE and can be 

ignored. The differential equation for v and the boundary conditions are then satisfied 

with v = l .  Under these conditions the predominant form of the enzyme is E;. 

Substitution of v =  l into eqn. A.15 causes the problem to collapse to a simple first order 

case with a solution,

u =  cosh (J7c^ x ) ~  sinli x) coth (JTcj  ̂ ) 

From eqns. A.21 and A.25

A.25

When /cm > T , (dul/dx)o — and from ecln- A.20

j =  n(DMkMeE )1/ 2m0 A.27

Under these conditions, Case I, the mediator, M, is consumed by E* present at its bulk
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concentration profiles for E, E;, M and are also

shown
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concentration in a thin reaction layer close to the electrode. On the other hand when 

km < 1, Case II, expansion of the coth function shows that (duf/dx)o — « M/3, anc* the 

following expression is obtained,

j =  ^nk^moe5]ZQ A.28

Now most of the mediator escapes across the diffusion layer. There is a leisurely reaction 

between E* and M; the concentration of the former is uniform across the diffusion layer 

whilst that of the latter is linearly decreasing, ranging from m0 at the electrode to zero at 

Zq . The rate of formation of M* in the diffusion layer is (l/2)k|y|m0e£jZD, of which two 

thirds is captured by the electrode and one third lost to the bulk hence accounting for the 

factor of (1/3) in eqn. A.28. The electrode does better because the concentration of M is 

greater at the electrode.

If 7^>1, then in eqn. A.16 if 7/cE<C 1, this implies that ke < < <  1. Hence all 

the terms on the right hand side of eqn. A.16 are negligible and v =  l throughout the 

diffusion layer. Thus the same treatment holds and Cases I and II are obtained provided 

that

ke <  I/7 <  1 A.29

A.4 Cases II and III

Now consider the region where 7^>1, K|^j<Cl, K g < l  and 7« E~ 1. Since /cM- d ,  

eqn. A. 15 reduces to zero and the following solution is obtained on applying the boundary 

conditions

u= l ~ X  =  X!

This implies that M has a linear concentration profile from mQ at the electrode surface to 

zero at ZD.

The relative sizes of 7ke and mean that the 7ke term dominates the right 

hand side of eqn. A.16. Substitution for u and x 1 gives
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d2v
dx'2

=  7«e* A.30

The solution of this equation requires the use of Airy functions

[ B i 'W A i( fa ')  -  A i 'W B i^ x ')  ]
[ Ai(O)Bi'W) -  B i(0 )A i'(*) ]

where

<f>= ( 7 ke  )^ 3 A.31

The value of vG at x , =  1 (x = 0 ) is found and substituted into eqn A.24 to evaluate 

(dul/dx)o ’ In determining vQ, use is made of the Wronskian relation for Airy functions 

and since /Cg<tCl the integral term in eqn. A.24 can be ignored. Then

__________ 1__________
7r[Ai(O)Bi'(0) -  Bi(0)Ai'(<£)] } A.32

When the Airy functions can be expanded as a series to yield

Ai(0)Bi'(tf) -  Bi(0)Ai'(tf) =  *  ( 1 +  y  +  • • • )

Substitution in eqn. A.32 together with eqn. A.31 gives

(du[\ „  $ KET _  « m
\dx)0 “ 3 “ 3

A.33

This result is the same as that obtained from eqn. A.26 for Case II when /cM<^l.

Case III is found when <f)> 1. Now the Bi^^) term in eqn. A.32 ^>1 and hence 

(dn1 /dx)o — (3- Substitution in eqn. A.20 gives

nDEeE
J “  ZD

A.34

This suggests that the rate limiting step is the diffusion of enzyme across the 

diffusion layer. However since the rate of diffusion of M is fast compared to the rate of 

reaction between E; and M, the concentration profiles show that E1 reacts with M on the 

outside edge of the diffusion layer and does not significantly penetrate the layer itself. 

Most of the produced is lost to the bulk of the solution rather than diffusing across
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■» log Kg

Figure A.2 Constructing the 7  >  1 plane: Cases II and III. The

concentration profiles for E, E*, M and are also

shown
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the diffusion layer to the electrode. Over a small distance Z* the fluxes of diffusing 

out and E* diffusing in can be matched i.e. DMm* ~  DEe^- Thus the flux of M* 

reaching the electrode is given by DEe^/ZD. In summary, although it appears from the 

mathematics that the rate is determined by diffusion of enzyme, the system is physically 

governed by the transport of reduced mediator across the diffusion layer.

A.5 Cases I and IV

The next region of interest is the Case I boundary in the top left hand of the 

diagram : what happens when /cE< l  and km>1 ? If in eqn. A. 15 it is assumed that over 

a thin reaction layer close to the electrode v =  vQ then,

l/o
u =  exp [- (k m vq) x] A.35

Matching the flux of M leaving the electrode surface with that of diffusing to the 

electrode across the reaction layer gives 

r"\ (dm \ _  DE(eE “  eo)
”  dm (w )0 ~

Expressing this relation in terms of dimensionless variables and differentiating eqn. A.35 

gives

-  (§ ^ )0 =  ( kMv°  ) ’ /2 =  0  ( ! -  Vo)

=> Pv0 -  («Mvo)1/2 - ( 3  =  0

Since M* is made in a thin reaction layer close to the electrode, it is nearly all captured 

by the electrode, thus (du,/dx)o — ~  (^u/^x)o ^ 1 *  On solving the above quadratic 

equation for vQ

When km/(32-C l  eqn. A.3G reduces to (dn,/dx)o — The system is in Case I

with M diffusing into the concentration of E;. When km//?2^>1, then expansion of the
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Figure A.3 Constructing the 7  >  1 plane: Cases I and IV. The

concentration profiles for E, E ,̂ M and are also

shown
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root in eqn. A.36 gives (dvJ/dx)o — /?• Now

nDMeS J— A.37

This is Case IV where the current is controlled by the diffusion of enzyme across the 

diffusion layer. The reaction with M means that the surface concentration of E* is 

significantly lower than that in the bulk. The boundary condition between Cases I and IV 

is given by zcM//?2 =  1. Substitution for /? gives the following condition

kM =  T2,ce 2 A.38

A.6 Cases III and IV

Equations A.34 and A.37 show that j is given by the same expression for cases III 

and IV. The current appears to be governed by the diffusion of E* across the diffusion 

layer. Although this is a true representation of proceedings in Case IV, for Case III, E* 

reacts at the outside edge of the diffusion layer. These results are consistent with eqn. 

A.24 which shows that when « E is small and vQ «  1, then {dn!/dx) — /?• The boundary 

between Cases III and IV is found using eqn. A.23. Applying the boundary condition at 

X=1 and ignoring the terms in « E and vQ gives

(f^)o =  -  (1 +  * > A'39
On the boundary there will be a reaction zone somewhere in the diffusion layer at * * •  

Since /cM^>l, the reaction is rapid and so at x — X* both u and v are close to zero i.e. M 

~  E; =  0. Now substitution of eqn. A.39 into eqn. A.23 gives

* *  ~  1 +  /? A.40

When /?<Cl, reaction is on the outside edge of the diffusion layer. When /?^>1, reaction 

occurs close to the electrode. When (3= 1 the reaction takes place halfway across the 

diffusion layer. This is consistent with the definition of the parameter itself, /? =

DEeE/DMmo-
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If (3 =  1 then

« M  =  ? * E A.41

In Case IV the concentration profile of M has two distinct forms. Close to the 

I/IV boundary, as M diffuses into a reaction layer, it obeys the exponential form of eqn. 

A.35. However near to the III/IV boundary, as it diffuses towards the reaction zone in 

solution devoid of E*, M has a linear profile. For /?> !

I/IV u =  exp(-/?x)

III/IV u =  1 -  fix

The boundary between these two patterns of behaviour occurs when the distance that E* 

diffuses in the M region close to the electrode before being converted to E, Z^,, matches, 

Z*, the distance of the reaction zone from the electrode. If Z^-CZ* then E/ will never 

reach the electrode and M will travel a distance Z* without any reaction thus giving a 

linear concentration profile. On the other hand if Z^,^>Z* then E* will penetrate to the 

electrode and M will be diffusing in a reaction layer giving rise to an exponential profile. 

The distance Z t is given by

Z , =
D r

1 / 2

k|Vlmo

In terms of dimensionless variables,

Since
V  =  ^  =

1 7«e
X* =  J3 =  ~*M

A.42

By comparing %e with X* it can seen that the boundary is given by

_  ( \3/2 
k m  —  (t « e ) A.43

Above this boundary there is a reaction layer whilst below it titration of M and Ê  occurs 

in a narrow reaction zone at the edge of the diffusion layer.
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Figure A.4 Constructing the j  >  1 plane: Cases III and IV. The

concentration profiles for E, E ,̂ M and are also

shown
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A.7 Cases III and V

Now we consider the system as enzyme regeneration in the diffusion layer 

becomes more significant i.e. ke is increasing. Since the rate of reaction between

E *+  M is slow, thus the reaction zone occurs at the outside edge of the diffusion layer. 

Thus v is small throughout the diffusion layer and the terms in vQ and v in eqn. A.24 can 

be ignored. Hence

($ £ )„=  < 1 +  T  ) A'44

When Case III is obtained. However when the system enters Case V where

(duf/dx)o =  /3ke /2, thus

._  n̂ EeE^D 
J~~ 2 A.45

Since reaction between E-f S is fast there is an abundant supply of E; at the edge of the 

diffusion layer. As the reaction between E; +  M is slow, E* enters the diffusion layer. Now 

M is diffusing throughout the layer and any E that is regenerated within the layer 

produces M*. Half of the reaches the electrode and half is lost to the bulk solution. 

This gives rise to a parabolic concentration profile for M*.

A.8 Cases V and VI

Now consider the region where ace ^>1. Under these conditions the d2v /d \2 term 

in eqn. A. 16 can be ignored. Thus 

1v~ 1 + 7U A.46

This assumes that the enzyme concentrations are determined by steady state kinetics 

involving the mediator and enzyme regeneration and that enzyme diffusion is 

unimportant. Since it is specified that 7^>1 and u ~ l, substitution from eqn. A.46 in eqn. 

A. 15 gives

d2u ^  Ha— y A.47
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Figure A.5 Constructing the y  >  1 plane: Cases III and V. The

concentration profiles for E, E;, M and M* are also

shown
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i.e.

D d2m _  u e- a — Kcci A.48
M ̂  “  E E

This equation describes the diffusion of M in a reaction layer where the rate 

limiting step for the consumption of M is the generation of from E. Since the 

concentration of E* is markedly lower than its bulk concentration this implies that the 

concentration of E is approximately equal to e^. This is referred to as a zero-order 

reaction layer.

Integration of eqn. A.47 yields 

u = 1 +

Under certain conditions in the presence of regenerating enzyme, M only 

penetrates a distance x *  across the diffusion layer where is the reaction layer 

thickness. At x — X* both u and dn/dx are equal to zero. Applying these conditions to 

eqn. A.49 gives

and

A.50

( © . - o r A.51

Substitution of eqn. A.51 in eqn. A.21 gives

( t &  =  ( W 2 - 1 A.52

From eqn. A.50 it is apparent that M is destroyed in the diffusion layer ( x * < l )  provided 

that km > 2 j . If this holds Case VI is obtained, with its zero order reaction layer. Under 

these conditions has a parabolic profile. However if acm< 27, then M penetrates to the 

outside edge of the diffusion layer. Returning to eqn. A.49 and applying the boundary 

condition that u=0 at x =  l



A p p e n d ix  A :  T h e  H o m o g e n e o u s  M e d ia t io n  M e c h a n is m 278

\ d x J n  {  +  2t  >

Substitution in eqn. A.21 gives 

fdu!_\ _ KM _  Pke
\dX )0 ”  2T -  2 A.53

This result is in agreement with that obtained for Case V from eqn. A.44 when /cE^>l. 

The boundary between Cases V and VI is

« M  =  2T

From eqn. A.52 the following expression for j is obtained 

j =  n(2DMkEes m0)1/2-  nD̂ m°

A.54

When km 7 this reduces to

j =  n(2DMkEes mQ)1/2 A.55

This is the result expected for a zero order reaction layer. This expression can be 

explained by comparing the regeneration of the enzyme in the reaction layer of thickness 

Z* with the diffusion of M into that layer

1 -  k e Z -  2DMm°  n — KEeEZ(* ”  Z* A.56

The factor of 2 is due to the parabolic profile for M. If the gradient at the electrode 

surface were to be extrapolated M would reach zero at Z*/2.

A.9 Cases IV and VII

We now investigate the boundary at /cE =  l between Case I and Case VII. From 

above, and a titration reaction occurs where for x *< X  there is no E/ and for

X <X * there is no M. To solve for x < X * integrate eqn. A.23 with v and vQ set to zero. 

On applying the boundary condition that u =  0 at x =  X*
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_fdu\ _  JL 4.  
\d X)n ~  X* +  2 A.57

Differentiation of eqn. A.23 gives

* « ) . -  -  " « * •
For x>X*> u =0  thus eqn. A.16 reduces to

A.58

I p  =  -  k e ( 1 -  v )

Integration using the boundary conditions that v =  l at X =  1 and v =  0 at x =  x*<Cl 

gives

v =  1 — cosech [ (/cE)1//2 ] sinh [ (/Cjr)1̂ 2 ( 1— x ) ]

and

( f^ )+ =  (KE)1/2coth [ ( *E)1/2] A.59

Elimination of (du/dX)Q between eqns. A.57 and A.58 followed by substitution of 

(du/dX)+ by (d \/d X)* from eqn. A.59, bearing in mind that this is a titration reaction 

where one molecule of M is used up per molecule of E*, gives 

/?«E X*2 + /?K£/2x*coth [ (k e )1/2] - 1  =  0 A.60

and from eqns. A.58 and A.59

_  (^ x )  =   ̂ co^  t (ke )  ̂ +  P*EX* A.61

For both these cases /?^> 1. Under these conditions x * is so small that the first term in 

eqn. A.60 and the last term in eqn. A.61 can both be neglected. The layer represented by 

X* is so thin that there is almost negligible enzyme regeneration occurring in that layer. 

The error in making this approximation is of the order of 1/(3. Thus

(f*)o “ - (fi)o = A = ^ ,coth [ (kE)I/2] A'62

It is also assumed that almost all M* generated close to the electrode is captured by it.

Inspection of eqn. A.62 reveals that if « E<Cl then the equation collapses to give
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Figure A.6 Constructing the 7 >  1 plane: Cases V and VI. The

concentration profiles for E, E*, M and are also

shown
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the solution for Case IV (eqn. A.36). However when ke !>1 then the right hand side 

1/2becomes / ? thus j for Case VII is given by

j  =  (DEkE)1/ 2eE A.63

The rate limiting process for this Case is the regeneration of the enzyme E* from E in its

1 /2own thin reaction layer of thickness Z^ =  (Dg/kg) near to the reaction zone.

A. 10 Cases VI and Vn

On going from Case V to Case VI the km=27 boundary must be crossed and the 

line «g  =  l must be traversed on moving from Case IV to Case VII. Thus there must be a 

boundary between Cases VI and VII where « E^>1 and km ^>27- The former condition 

implies that the coth[(/cE) ] terms in eqns. A.60 and A.61, which govern the IV/VII 

interface are ~  1. Thus the resulting quadratic equation in x * can be solved to obtain

A.64

Also,

1 / 2
A.65

1 / 2When /? ^> 1 eqn. A.65 collapses to give /?ke , i.e. yields Case VII. When (3 <C

A.66

This expression defines Case VI as shown in eqn. A.52. The boundary between Case VI 

and Case VII is /? =  1 i.e. « m =  T/ce * ^  occurs when the thickness of the zero order 

reaction layer, Z+, in eqn. A.56 is equal to the thickness of the enzyme reaction layer, ZE.
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Figure A.7 Constructing the 7 >  1 plane: Cases IV and VII. The

concentration profiles for E, E ,̂ M and are also

shown.
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_  f D M m o
1 / 2

I = z E =
1 /2

k E
A.67

Eqn. A.67 holds when (3 =  1. When (3^>l, ZE>Z *, enzyme regeneration in the enzyme 

reaction layer is dominant and Case VII holds. If Z *> Z E, and enzyme

regeneration in the zero order reaction layer is the chief process occurring, the system is in 

Case VI.

A. 11 Cases I and VII

The boundary between Cases I and VII lies in the region where « M^>1 and 

« E>1. The magnitude of ensures that M will be diffusing into a reaction layer, thus 

u will possess a concentration profile of the form

u =  exp [ -  (kmv0)1/2x ] A.68

In Case I, vQ =  l, substituting eqn. A.68 into eqn. A.16 gives a differential 

equation for v, which can be solved assuming that in the 7« Euv term v = v Q and using 

the necessary boundary conditions to give

( l - vo){(«E)1/2 exP [ - ( kmvo)1/ 2x] “  (kmvo)1/2 exP [“ (« e )1/2 * ] }  

V = 1  («e )1/2-  ( «MVo)I/2
A.69

1/2By equating the coefficients of the exp [-(k^ v0) ' x] term in eqn. A.16 with the second 

differential of the above expression, eqn. A.69, the following relation for vQ is obtained

v0 + 7vo
1 /2 =  1 A.70

i +  h a ?

If one assumes that on the I/VII interface ^m^ T ^E  ’ ^  can skown that kmv0;» /ce . 

Then the resulting quadratic,
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v0 + - 1 = 0

can be solved to give

V o 1'2 =  1 +
2 \ i / 2

7 « E 1
* O \l/2
y ke \

4kM 4kM
A.71

From eqns. A.68 and A.70 it can be shown that

/  2 \ 1/2
® 0=  “  ( ^ ) o “  (^ Vo)1/2 =  ( km + 1r M ) - ¥ k

. 1 /2 A.72

When « m ^>72/cE ecln' A.72 reduces to i.e. gives Case I. If the converse is true,

KM<̂ y 2,iE then the expression simplifies to give « m/[7(«e ) 1̂ 2] =  Pk^ ' * ,  this being 

Case VII.

As in Case IV there is a dichotomy in the concentration profile for M. In Case 

VII the rate limiting step is regeneration of E; in an enzyme reaction layer, but close to 

the I/VII interface M diffuses into a reaction layer with an exponential profile predicted 

by eqn. A.68. However near the VI/VII interface there is a reaction zone to which M 

diffuses in the absence of E .̂ The internal boundary between these two patterns of 

behaviour can be determined by comparing x E with X** The former is given in eqn. 

A.42 and the latter obtained by expanding eqn. A.64 binomially 

,-1/2

1 / 2

1 /2

XE =  (7«e )"

X* =  («e ) 1/2[ i\ +  VP  )1/2 -  1 1 -  ' 1 17 2 =
/3ke

Matching fluxes

3/2
kM =  7 «E

M A.73

A.74

Above this boundary there exists a reaction layer in which M has an exponential

profile whilst below it is a reaction zone where M has a linear profile.
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A.12 Cases II and V

For these /cM< l  and ke »  1 . The former condition implies that M will have a 

linear profile

u =  1-  x =  Xl

As ke ^>1, the d2v/dX2 term in eqn. A. 16 can be ignored, thus 

1 _  1v ~ 1 +  7U 1 +  TX'

Substituting these two equations into eqn. A. 15 gives

flV  _  fl'V _  _ K uv __________
d x 2 d x ' 2 M 1 +  7X'

>2„/ k m X A.75

Integration using the boundary conditions ^  =  0 at x 1 =  0 gives 

du; _  ( duf \  _  k m X , k m

' ”  W K ' = od x  Kd x
+  In ( 1 +  Tx ' )

and

u'= x ' ( ^ )  - ^f(l+Tx')ln(l+Tx')-7x'
'd x 'x '= o  7 V

/\2(7X')

A.76

A.77

Application of the boundary condition that u* =  0 at X* =  l (x =  0) enables (5u//dx^^-Q  

to be found from eqn. A.77. Substitution of this into eqn. A.76 permits (du//dx)o t °  be 

determined

A.78

If 7^>1 this expression reduces to 

( $ ) „  =  %  =  * £

This implies that the system is in Case V. On the other hand when 7^Cl, expansion of 

the In term gives {du!fdx)o =  « m/ 3, be. now the system has entered Case I. Therefore 

eqn. A.78 connects Cases II and V in the region of 7~ 1.
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A.13 Cases I and VI

At the boundary between Cases I and VI both and Following the

procedure for Case VI, eqn. A.46 is substituted into eqn. A. 15 to give

d2u _  «MU
d\2

A.80

Multiplying through by (du/dx) and integrating gives

( ! ^ ) 2= 2> ( U - W 1+ TU >) A-81

As /cM^>l it is assumed that both u and (du/dx) go to zero at some point in the 

diffusion layer and eqn. A.81 obeys this condition. Substituting eqn. A.81 into eqn. A.21 

and remembering that u = l at x=0 gives

© o  =  { ^ ( 1 - ^ l n ( 1 + 7 ) ) } /  -  1 A '82

When 7^>1 the In term is negligible and the expression simplifies to eqn. A.52 which 

implies Case VI. When 7<Cl expansion of the In term gives (du*/dx)o to be Ĵkm which 

is consistent with Case I behaviour. Thus eqn. A.82 describes the behaviour at the I/VI 

interface in the region of 7~ 1.

A. 14 The Complete Case Diagram

The seven cases can be divided into three categories. In Cases I and II the rate is 

governed by reaction between E; and M either in a first order reaction layer or in the 

diffusion layer respectively. In cases III and IV the rate limiting process is transport of 

or across the diffusion layer. In the remaining Cases, V, VI, and VII the rate is 

controlled by regeneration of E* from E in the diffusion layer, the zero-order reaction 

layer or the enzyme reaction layer respectively.
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Figure A.8 The complete case diagram for the 7 >  1 plane
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In Case I, although reaction between E* and M is faster than that between E and 

S, the concentration of Ê  at the electrode surface is equal to that in the bulk since its 

rate of diffusion is sufficiently rapid to ensure that there is ample E* present to mop up M 

in a reaction layer close to the electrode surface. In Case II the rate of reaction between 

Er and M is slow enough to ensure that the concentration of E1 is not altered from that 

in the bulk.

In the remaining cases the concentration of E1 at the electrode surface is much 

lower than that in the bulk and there is a change in the nature of the dominant enzyme 

species somewhere in the diffusion layer. In Case III the rate of diffusion of M is such that 

it meets E/ at the edge of the diffusion layer and the changeover described above occurs 

at this point since the rate of reaction between E* and M is sufficiently rapid. In Case V 

the switchover also occurs at the edge of the diffusion layer. Since is small there is 

only a thin diffusion layer hence there is sufficient M available to mop up any E;. In Case 

VI implying that Zq1 >  Zq , thus there is insufficient M at the edge of the

diffusion layer. Now therefore the reaction occurs inside the diffusion layer. Since reaction 

between E* and M is very quick there is a titration reaction with almost instant 

annihilation of both species in a zero-order reaction zone independent of ZD. In Case VII 

the rate of reaction between M and E* is again very fast and the rate is governed by 

regeneration of the latter in an enzyme reaction layer close to the electrode surface.

In summary, in Cases II, III and V /c^|<Cl, thus the kinetics of reaction between 

E* and M are sluggish and [M] is greater than [M*] in the diffusion layer. In the 

remaining cases km^>1 and M is destroyed before it escapes the diffusion layer.

The system is a function of the following experimental variables mQ , e^, kE, kM 

and ZD. Table A.l shows the dependence of the dimensionless parameters /cE, km and 7 

on the experimental variables mentioned above.
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in the 7 >  1 plane
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Figure A. 10 The concentration profiles for E and E* for each case

in the 7 >  1 plane



A p p e n d ix  A :  T h e  H o m o g e n e o u s  M e d ia t io n  M e c h a n is m 291

TABLE A.l

Summary of the planes to be used for each experimental variable

Experimental

Variable

Dimensionless Variables 

7 k M Ke

Plane(s)

mQ 7 X X 7 k E  or 7«m

eE X 7 X 7 k E or 7«m

kE 7 X 7 7 k e

kM 7 7 X 7«M

zD X 7 7 «mke
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APPENDIX B
THE HETEROGENEOUS REDOX 

CATALYSIS MODEL

This model proposes that electron transfer occurs via a surface mediated process 

since the insolubility of the mediator species precludes a homogeneous pathway. It 

assumes the presence of a labile equilibrium on the electrode surface between the salt 

A+B-  and the energetic species A ° and B °.

A+B " , .... » A ° +  B °

It is assumed that A ° is readily oxidised to A+ with a first order rate constant, k2, 

A ° - ^ - . A +  +  e-

It is also assumed that E/ is oxidised by B ° with a second order rate constant, k3 

. n 3̂E' +  B ° ----E +  B "

Although it is possible that two equivalents of B ° may be required to oxidise E*, it is 

assumed that only removal of the first electron can be rate limiting. Recombination of 

A+ and B~ to form the original salt is assumed to be fast,

A+ -f B " ■ — A+B-

In order to account for the observed inverse rotation speed behaviour it is 

necessary to incorporate into the model the possibility that A ° can be lost by corrosion 

into the solution

Ks /cm =  solubility of A °

kD/cm s- 1  =  mass transfer rate constant = B .l
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Da is the diffusion coefficient of A and ZD is the thickness of the diffusion layer. In the 

steady state the flux of A ° dissolving in the solution must be matched by an equal flux of 

B”  leaving the electrode surface.

In solution E reacts with S to generate E* and product P

kE /
E +  S — =-> E' +  P

The first order rate constant kg is given by

u _  Kcat
E 1 +  K m/[S]

B.2

It is also assumed that [S] is sufficiently large to ensure there is no concentration 

polarisation.

B .l Surface Kinetics

Under steady state conditions

K1=  ab B.3

je — k2a B.4

j E =  k3eob B.5

where a, b and e© denote the surface concentrations of A °, B ° and E*. Under steady state 

conditions the fluxes of A ° and B ° can be matched

( k2 +  Ks kD ) a =  nk3eob B .6

From eqns. B.4-B.6 the following expression relating the enzyme flux, j E, and 

the electron flux, j e, is obtained

Je —_ nJE1 + 9 B.7

9 is a dimensionless parameter which describes the partition of A ° between corroding into
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the solution and being oxidised to A+.

0 =  ^  B .8
k2

By eliminating a from eqns. B.3-B.6 and substituting for b in eqn. B.5 the 

following expression for j E is obtained

Je — K ik 2k3( l  +  0 )co 
n

1 /2
B.9

B.2 Enzyme Kinetics

The following differential equation relates the diffusion and enzyme kinetics

°E a? = " kEe B.10

where e is the concentration of E. Assuming that E and E; have the same diffusion 

coefficient and

e +  e =  e. B .l l

where e^ is the concentration of enzyme species. The first boundary condition for the 

system is that at z =  Zq , e= 0  and

e =  e.

The second boundary condition is that at the electrode surface

D, Je

B.12

B.13

As in the homogeneous mediation model the variables are now converted into 

dimensionless parameters v=e,/e^,, /cE= k EZQ/DE and x=z/Zc>. Substitution of eqn. 

B .l l  into B.10 gives

§p  = - « e ( l - v ) B.14

with the boundary conditions that at x =  l> v =  l and that at x =  0
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Integration of eqn. B.14 gives

1 — v =  ( 1  — v0) [ cosh(«g/ 2x) — sinh(/Cg/ 2x)coth(KE/ 2 x) ] 

Differentiation of this gives

( f ^ ) o =  C1 “  vo) iCE/ 2coth(K E2)

B.3 The Flux of Electrons

The dimensionless parameter, f, describes the flux of electrons

friD̂ ê
Je == 7

From eqns. B.7, B.15 and B.18

Defining a dimensionless parameter p,

ne^/Dg\2 
P K ^ k j  ^ZD )

Combining eqns. B.9, B.15, B.19 and B.20 

v0  =  ( 1 +  Q )pi2

Substitution from eqns. B.19 and B.21 into eqn. B.17 gives a quadratic equation in f

pi2 +  f
tanh(/e^2)

jT*
1

1 +  e = 0

B.15

B.16

B.17

B.18

B.19

B.20

B.21

B.22

This is solved to give
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f _1_2 P
tanh2 (/c^2) + 4p i + e

1 / 2
tanh(/c^2)

1 / 2«E B.23

This equation shows that the system is described by three parameters. The parameter Kg 

is the same as that in the homogeneous mediation mechanism. If ke » 1  then enzyme 

regeneration is rapid and nearly all E is converted to E* in a thin reaction layer of 

thickness (DE/k E) with very little E escaping from the diffusion layer. If the converse

is true and ke <C1 then regeneration of E  ̂ is inefficient. The parameter 6 is a  measure of 

the propensity of A ° to corrode away into the solution rather than undergo reoxidation to 

A+. The parameter p reflects the balance between the surface kinetics and mass 

transport. If p^>\  then the surface kinetics are slow and govern the overall rate. However 

when 1 then the surface kinetics are fast and the flux will be controlled by either the 

enzyme kinetics or mass transport.

The solution given in eqn. B.23 can be reduced to three simpler cases depending 

on the nature of the rate limiting process. Firstly if

p tanh2 (/cL^“)
1 +  e B.24

then eqn. (B.23) is dominated by the p term and collapses to give,

f ~
aJp(i +  0)

B.25

Substitution of eqn. B.25 into eqn. B.16 gives the electron flux

Je “ l 1 + 9 )

1 / 2

B.26

In this situation the rate is governed by the surface kinetics.

If the inequality in eqn. B.24 is reversed then the square root term in eqn. B.23
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can be expanded to give

f ~
/cL̂ 2coth(/cl / 2 \ 

E )
i +  e B.27

This expression can be further simplified depending on whether is larger or smaller 

than unity. If ke <^1 then

f ~ 1
1 +  e B.28

and j e is given by

Je —
nDEe£

zD( i  +  e ) B.29

The surface kinetics are fast and the rate limiting process is the transport of E* across the 

diffusion layer.

The third case occurs when ke ^>1 and enzyme regeneration is efficient, then

f ~
1 / 2

1 +  e
giving

je —
n(DEkE) ̂

T T o

B.30

B.31

In this situation the rate is governed by regeneration of the enzyme.

The (1 +  0) term is common to eqns. B.25-27 since the partition between 

dissolution of A ° and B~ and reoxidation occurs regardless of the rate-limting process.

B.4 The Complete Case Diagram

Three parameters p , /cE and 0 are used to describe the system. Hence a three
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log p

Figure B .l The 0 >  1 plane. The concentration profiles for E and 

are shown for each case
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dimensional case diagram can be constructed. Considering the system when 0^>1, then at 

low values of p the rate controlling process is either the enzyme kinetics (E) or enzyme 

transport (T) depending on whether Kg is greater or smaller than unity. At large p both 

these cases are bounded by surface kinetic control (S). Cases when have an added 0

label to distinguish them from those when 1 .

The system is governed by the following experimental variables : e^, kg, K 1k2k3, 

Ks /k 2 and ZD. Since 0 is independent of e^ and kg, variation of these parameters can be 

shown on a png plane. Increasing e^ entails a vertical translation parallel to the p-axis. 

Increasing [S] and hence kg, involves a horizontal translation parallel to the Kg-axis. The 

surface kinetic parameters K 1k2k3 and I<s kD/k 2 are examined on Op plane. Increasing 

K xk3 implies a translation parallel to the p-axis whilst increasing k2 implies a decrease in 

both p and 0 hence it is equivalent to a translation in a SW-direction. In order to 

investigate the effect of varying the diffusion layer thickness ZD it is necessary to 

introduce a new variable £, where

* = _  neEDEkE 
pKt ~  Iv1k2k3

B.32

It compares the rate of enzyme regeneration with the rate of surface kinetics and is 

independent of ZD. Thus ZD is investigated using a Okg plane at constant f.
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APPENDIX C

THE MODIFIED ENZYME MECHANISM

In order to enhance electron transfer it is possible that the enzyme E undergoes 

some form of modification, possibly incorporating electron relays such as T T F + or 

TCNQ° upon coming into contact with the electrode surface. Thus assuming that E is 

modified with a rate constant k*

Eoo E0 E/o

If the rate constant for adsorption is kE where

C.l

and the total enzyme concentration e ^  is given by

e -f e; =  eoo C.2

then

kE( e<x> — eo ) — k* ec C.3

therefore the concentration of unmodified enzyme adsorbed on the electrode surface is 

given by

eo eoo
1 +  k '/k E

C.4

and that of modified adsorbed enzyme is given by

e£ = k'eco
kP +  k'

C.5

Thus e^ is inversely proportional to rotation speed which is in accord with experimental

observations at Si-oil and pressed pellet electrodes.
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C .l Combining Heterogeneous Redox Catalysis with the Modified 

Enzyme Model

A system of simultaneous equations can be constructed

j =  kx — k_xab C.6

=  kAa C.7

=  kBbep C.8

=  ks soeo x C.9

Also

J  , J  -  J  _  Kecok' eR * eOX— K eo — k +  k/ C.10

From eqn. C.9

e' -  j
o x  ks sQ C .ll

and from eqns C.10 and C .ll

J  -  Kel j eR -  «e0 ksSo C.12

From eqn. C.7

H
j?

II C.13

and using eqns. C.8 and C.12

b =  , j
ke( Keo ~  j / ks so)

C.14

Following substitution of eqns. C.13 and C.14 into eqn. C.6 and making the assumption 

that k_! kAkB/  ks sQ subsequent rearrangement gives

ki
^klkAkBe°  — J kAkB ( K G ° + J2k_! C.15


