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A HOMOGENEOUS BIOELECTROCHEUICAL ImOmMSSAY FOR THYROXINE 

G. A.  Robinson,' G. Uartinazzo and G. C. Forrest' 

'Serono Diagnostics Ltd., 21 W i n g  Business Park,  Albert Drive, 
Yoking, Surrey, GU21 5 J Y .  Great Britain 

Biodata S.p.A., Via Tiburtina Valeria 1011. 19.600 
00012 GUIDONIA WTECELIO (Rola) Italy 

ABSTRACT 

Thyroxine has been modified with a ferrocene derivative to produce 
an immunologically reactive conjugate which remains capable of 
functioning as an electron transfer mediator, shuttling electrons 
between an oxido-reductase enzyme and an electrode. On binding 
with an anti-thyroxine antibody the conjugate's ability to function 
as a mediator is impaired. The conjugate has been used as a 
tracer in an homogeneous competitive assay to quantify the total 
thyroxine concentration in serum, the assay being measured electro- 
chemically after the addition of a suitable oxidoreductase enzyme 
(glucose oxidase) and its substrate (glucose) on completion of 
antibody/antigen binding. This results in a simple and sensitive 
assay for thyroxine. 

(KEY WORDS: Thyroxine, bioelectrochemical, homogeneous, ferrocene) 

INTRODUCTION 

Ever since Yalow and Berson's pioneering work on immunoassay 

(1,2), the technique of radioimmunoassay has become well established 

in clinical analysis, offering both high sensitivity and 

selectivity for a wide range of analytes. However, due to problems 

associated with the safe handling and disposal of radioisotopes, 

there has been a move from radioactive to non-radioactive labels 

in immunoassays. Amongst the commonly used non-isotopic labels 

are enzymes ( 3 ) ,  chemiluminescent molecules (4) and fluorescent 
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2 ROBINSON, MARTINAZZO, AND FORREST 

molecules ( 5 ) .  Immunoassay techiques  which u t i l i s e  e lec t rochemica l  

end p o i n t  d e t e c t i o n  a r e  beginning t o  be developed. In  a d i s c u s s i o n  

regard ing  t h e  use of metal l a b e l s  i n  immunoassay, Cais  ( 6 )  suggested 

t h e  p o s s i b i l i t y  of  d e t e c t i n g  t h e  metal l a b e l ,  and t h e r e f o r e  

quant i fy ing  the  a s s a y ,  e lec t rochemica l ly  a l though he presented  

no d a t a  t o  s u b s t a n t i a t e  t h e  idea .  Weber and Purdy ( 7 )  descr ibed  

an homogeneous voltammetric assay i n  which f r e e ,  e l e c t r o a c t i v e  

morphine was measured a t  a g lassy  carbon e l e c t r o d e ,  t h e  e l e c t r o -  

chemical s i g n a l  of the  antibody-bound morphine being a t t e n u a t e d .  

Subsequent displacement  o f  morphine from t h e  ant ibody by codeine ,  

which is e lec t rochemica l ly  i n a c t i v e ,  enabled t h e  codeine t o  be 

q u a n t i f i e d .  Wehmeyer e. 54. (8) demonstrated an assay f o r  t h e  

e lec t rochemica l ly  i n e r t  hormone e s t r i o l .  Af te r  n i t r a t i o n ,  t o  

impart some e lec t rochemica l  behaviour t o  the  molecule ,  t h e  modified 

e s t r i o l  was bound t o  an ant ibody,  p e r t u r b i n g  t h e  e s t r i o l ' s  e l e c t r o -  

chemistry.  By d i s p l a c i n g  t h e  n i t r a t e d  e s t r i o l  from t h e  ant ibody 

with sample e s t r i o l ,  the  concent ra t ion  of e s t r i o l  i n  t h e  sample 

could be measured v i a  t h e  e lec t rochemica l  c u r r e n t  a r i s i n g  from 

t h e  d isp laced  n i t r a t e d  hormone. 

Electrochemical  d e t e c t i o n  methods have been used t o  quant i fy  

enzyme immunoassays, r e p l a c i n g  t h e  more t r a d i t i o n a l  o p t i c a l  s y s t e m s .  

Doyle ( 9 )  descr ibed  an assay of human orosomucoid i n  which t h e  

a c t i v i t y  of  t h e  enzyme l a b e l ,  a l k a l i n e  phosphatase,  was monitored 

a t  a carbon p a s t e  e l e c t r o d e  w h i l s t  g lucose  oxidase  (10) and c a t a l a s e  

(11) have been used i n  conjunct ion  with oxygen e l e c t r o d e s  f o r  

the  q u a n t i f i c a t i o n  of  immunoassays. A more comprehensive review 

of t h e  e lec t rochemica l  d e t e c t i o n  o f  enzyme immunoassays may be 

found elsewhere ( 1 2 ) .  

Ikariyama (13) produced a b i o a f f i n i t y  sensor  f o r  thyroxine 

(T4) us ing  an enzyme ( e i t h e r  g lucose  oxidase o r  c a t a l a s e )  conjugated 

t o  an anti-T4 ant ibody.  Sample T4 competes with membrane bound 

T4 fo r  the  anti-T4 an t ibody,  t h e  assay  be ing  q u a n t i f i e d  using 

a ga lvanic  oxygen d e t e c t o r  covered by the  T4 membrane. Hepler 

e t .  21. (14)  descr ibed  an assay fo r  t h y r o i d  hormones i n  which 

the  hormones a r e  separa ted  by reverse-phase high-performance 
- 
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HOMOGENEOUS BIOELECTROCHEMICAL IMMUNOASSAY FOR THYROXINE 3 

l i q u i d  chromatography and  t h e n  q u a n t i f i e d  d i r e c t l y  a t  a c a r b o n  

working  e l e c t r o d e .  

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

n o t a b l y  by H i l l  and coworke r s  (15), h a s  l e d  t o  t h e  d i s c o v e r y  

o f  a r ange  of compounds which w i l l  a c t  as e l e c t r o n  t r a n s f e r  m e d i a t o r s  

between p r o t e i n s  and e l e c t r o d e s .  Many of t h e s e  m e d i a t o r s  ( e .g .  

f e r r o c e n e  and its d e r i v a t i v e s )  w i l l  a l s o  f u n c t i o n  as e l e c t r o n  

a c c e p t o r s  f o r  o x i d o - r e d u c t a s e  enzymes. The r o l e  of s u c h  m e d i a t o r s  

i n  t h e  q u a n t i f i c a t i o n  o f  h e t e r o g e n e o u s  enzyme immunoassays h a s  

r e c e n t l y  been  d e s c r i b e d  (16,17,18). 

A f u r t h e r  deve lopment  o f  m e d i a t o r  based  enzyme immunoassays 

is t h e  m o d i f i c a t i o n  o f  a n  a n t i g e n  w i t h  t h e  m e d i a t o r  u s i n g  t h e  

a n t i g e n / m e d i a t o r  complex as  a l a b e l  i n  a c o m p e t i t i v e  a s s a y  ( 1 9 ) .  

I f  t h e  unbound a n t i g e n / m e d i a t o r  c o n j u g a t e  is a b l e  t o  t r a n s f e r  

e l e c t r o n s  between a s u i t a b l e  enzyme and a n  e l e c t r o d e ,  w i t h  t h e  

a b i l i t y  t o  m e d i a t e  b e i n g  p e r t u r b e d  on a n t i b o d y / a n t i g e n  b i n d i n g ,  

a homogeneous, c o m p e t i t i v e  a n t i g e n  a s s a y  is f e a s i b l e .  T h i s  r e a c t i o n  

s e q u e n c e ,  i n  which t h y r o x i n e  is t h e  a n t i g e n ,  is shown d iagram-  

m a t i c a l l y  i n  F i g .  1. 

Such an  a s s a y  f o r  t h y r o x i n e  (3,5,3',5'-tetraiodothyronine; 

T 4 ) ,  a t h y r o i d  hormone, is r e p o r t e d  h e r e ;  T4 was c o v a l e n t l y  c o u p l e d  

t o  f e r r o c e n e  monocarboxyl ic  a c i d ,  t h e  r e s u l t i n g  c o n j u g a t e  b e i n g  

used  i n  a c o m p e t i t i v e  T4  a s s a y .  The o x i d o - r e d u c t a s e  enzyme g l u c o s e  

o x i d a s e  was used  as an e l e c t r o n  s o u r c e  and ,  i n  c o n j u n c t i o n  w i t h  

t h e  T4 b l o c k i n g  a g e n t  " f e n c l o f e n a c " ,  a n  a s s a y  f o r  t o t a l  T4 i n  

serum o v e r  t h e  c l i n i c a l l y  r e l e v a n t  r a n g e  was o b t a i n e d .  

MATERIALS AND METHODS 

Materials 

Sephadex G-50  s u p e r f i n e  was s u p p l i e d  by Pharrnacia ( G B )  L t d . ,  

Hounslow, U.K.; L - thy rox ine ,  sodium s a l t ,  was s u p p l i e d  by Sigma 

(London) L t d . ,  P o o l e ,  D o r s e t ,  U . K . ,  w h i l s t  t h e  A l d r i c h  Chemica l  

Co. ( G i l l i n g h a m ,  D o r s e t ,  U . K . )  s u p p l i e d  f e r r o c e n e  monoca rboxy l i c  

a c i d .  G lucose  o x i d a s e  ( E . C .  1.1.3.4.) from A s p e r g i l l u s  n i g e r  

came from t h e  Boehr inge r  C o r p o r a t i o n  (London)  L t d . ,  Lewes, U . K .  
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FIGURE 1. Diagrammatic r e p r e s e n t a t i o n  of t h e  homogeneous 
b i o e l e c t r o c h e m i c a l  a s s a y  f o r  t h y r o x i n e  (Ab=an t ibody ;  e - = e l e c t r o n ;  
G.Ox.=glucose o x i d a s e ;  ( o x ) = o x i d i s e d ;  ( r e d ) = r e d u c e d ;  T d = t h y r o x i n e ;  
T4-FMCA=thyroxine-ferrocene monocarboxyl ic  a c i d  c o n j u g a t e ) .  

( g r a d e  11). A l l  o t h e r  c h e m i c a l s  were s u p p l i e d  by B r i t i s h  Drug 

Houses ,  Dagenham, U.K. and were o f  "Analar"  g r a d e  u n l e s s  o t h e r w i s e  

s t a t e d .  

S i l i c a  gel p l a t e s  (Merk) were s u p p l i e d  by B r i t i s h  Drug Houses.  

Fenc lo fenac  t a b l e t s  were o b t a i n e d  f rom t h e  Weil O r g a n i z a t i o n  

( P t y )  L t d . ,  D o o r n f o n t e i n ,  S o u t h  Africa.  The u l t r a v i o l e t  lamp 

was model UVSL-58 ( U l t r a v i o l e t  P r o d u c t s  I n c . ,  San G a b r i e l ,  

C a l i f o r n i a ,  U S A ) .  

Synthesis of thyroxine/ferrocenenocarboxylic acid (T4-FICA) 

conjugate 

57.5mg of f e r r o c e n e  monocarboxyl fc  a c i d  were d i s s o l v e d  i n  

l m l  of anhydrous  dimethylforrnamide and  t h e  s o l u t i o n  c o o l e d  t o  

- 1 O O C  and s t i r r e d .  Tr i -n-buty lamine  and t h e n  i s o b u t y l c h l o r o f o r m a t e  
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HOMOGENEOUS BIOELECTROCHEMICAL IMMUNOASSAY FOR THYROXINE 5 

were added ( f i n a l  c o n c e n t r a t i o n s  of t h e s e  r e a g e n t s  were 1 . O M  

and 0.25M r e s p e c t i v e l y )  and a l lowed  t o  react  f o r  15 m i n u t e s  a t  

- 1 O O C .  The r e a c t i o n  was m a i n t a i n e d  a t  - 1 O O C  i n  an  ice-sal t  b a t h .  

After r a i s i n g  t h e  r e a c t i o n  t e m p e r a t u r e  t o  ambient  ( 'v 22OC), 

t h e  r e a c t i o n  was al lowed t o  proceed f o r  a f u r t h e r  30 minu tes  

t o  form t h e  ca rboxyca rbon ic  anhydr ide  d e r i v a t i v e  of t h e  f e r r o c e n e .  

L-thyroxine (T4)  f ree  a c i d  (194.2mg) was d i s s o l v e d  i n  4ml 

o f  O . l M / L  sodium hydrox ide /e thano l  (1:l) and c o o l e d  t o  4OC w h i l s t  

s t i r r i n g .  The ca rboxyca rbon ic  a n h y d r i d e  d e r i v a t i v e  o f  t h e  f e r r o c e n e  

was added dropwise t o  t h e  T4 s o l u t i o n  and a l lowed  t o  r e a c t  f o r  

2 h o u r s  a t  4OC t h e n  o v e r n i g h t  a t  room t e m p e r a t u r e ,  c o n t i n u o u s l y  

s t i r r i n g .  After c o n c e n t r a t i n g  t h e  s o l u t i o n  by r o t a r y  e v a p o r a t i o n  

t h e  r e s u l t i n g  p r e c i p i t a t e  was washed t h r e e  times w i t h  c a r b o n  

t e t r a c h l o r i d e ,  d i s c a r d i n g  t h e  washings and f i n a l l y  r e d i s s o l v i n g  

t h e  i n s o l u b l e  c o n j u g a t e  i n  5 m l  o f  me thano l .  

The c o n j u g a t e  was p u r i f i e d  by a p p l y i n g  l m l  of c o n j u g a t e  

s o l u t i o n  t o  a p r e p a r a t i v e  s i l i c a  gel  p l a t e  (2mm t h i c k )  and e l u t i n g  

w i t h  t h e  s o l v e n t  system ch1oroform:methanol:acetic a c i d  ( 9 : l : O . l ) .  

The band wi th  an approximate R f  v a l u e  of 0 . 4  was removed and 

e x t r a c t e d  t h r e e  times w i t h  5 m l  of methanol  by c e n t r i f u g a t i o n .  

After p o o l i n g  t h e  s u p e r n a t a n t s  and c o n c e n t r a t i n g  them by r o t a r y  

e v a p o r a t i o n  a b o u t  2Omg o f  t h e  c o n j u g a t e  was recove red ( -40% y i e l d ) .  

The T4-FMCA c o n j u g a t e  was c h a r a c t e r i s e d  e l e c t r o c h e m i c a l l y  

a t  a p y r o l y t i c  g r a p h i t e  e l e c t r o d e  and i t s  immunoreac t iv i ty  measured 

by u s i n g  radioimmunoassay . 

E x t r a c t i o n  and  p u r i f i c a t i o n  of ( r2-(2, 4-dichlorophenoxy)  

phenyiJ ace t i c  aci d-" fenclof enac" ) 

46 t a b l e t s  of f e n c l o f e n a c  (300mg of f e n c l o f e n a c / t a b l e t )  

were ground up and t h e  powder added t o  2001111 of s a t u r a t e d  ammonium 

c a r b o n a t e  s o l u t i o n  and s t i r r e d  a t  room t e m p e r a t u r e  f o r  1 h o u r .  

After s e q u e n t i a l  e x t r a c t i o n s  from b o t h  b a s i c  and a c i d i c  s o l u t i o n ,  

t h e  p r o d u c t  was e x t r a c t e d  w i t h  e t h y l  acetate  ( 3  x 100ml). The 

o r g a n i c  f r a c t i o n s  were poo led  and washed w i t h  d i s t i l l e d  water 

( 3  x 50ml), t h e  f i n a l  washing hav ing  a pH o f  between 6 and 7 ,  
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6 ROBINSON, MARTINAZZO, AND FORREST 

and d r i e d  w i t h  anhydrous sodium s u l p h a t e .  After f i l t r a t i o n ,  

t h e  f i l t e r  cake  was washed w i t h  e t h y l  ace ta te  ( 3  x 1 0 m l )  and 

t h e  s o l u t i o n  d r i e d  by r o t a r y  e v a p o r a t i o n .  Fo l lowing  d i s s o l u t i o n  

o f  t h e  p r o d u c t  i n  a minimal amount of  propan-2-01 a t  80°C,  t h e  

m i x t u r e  was l e f t  o v e r n i g h t  a t  room t e m p e r a t u r e ,  s t o r e d  a t  4OC 

f o r  8 t o  10 h o u r s  and t h e n  k e p t  a t  -2OOC o v e r n i g h t .  The large 

c r y s t a l s  were c o l l e c t e d  by f i l t e r i n g  on a buchne r  f u n n e l  and 

then  d r i e d ,  t h e  p r o d u c t  b e i n g  checked f o r  p u r i t y  by t h i n  l a y e r  

chromatography i n  t h e  f o l l o w i n g  sys t ems :  

ch lo ro fo rm : methanol : a c e t i c  a c i d  ( 9 O : l O : l )  

ch lo ro fo rm : methanol : ammonia ( 6 0 : 4 0 :  1 )  

e t h y l a c e t a t e  : methanol  ( 9 0 :  10) 

Only one s p o t  was v i s i b l e  unde r  a s h o r t  wavelength U . V .  lamp. 

Preparation of 3&i-T4 antibody 

Anti-T4 a n t i b o d y  was a c o n v e n t i o n a l  p o l y c l o n a l  a n t i s e r u m  

o b t a i n e d  by immunising s h e e p  w i t h  T4 c o n j u g a t e d  t o  a h i g h  molecu la r  

we igh t  p r o t e i n .  Sodium s u l p h a t e  (1.8g) was added t o  l O m l  o f  

a n t i s e r u m  and t h e  mix tu re  r o l l e d  fo r  30 minu tes  a t  room t e m p e r a t u r e .  

After c e n t r i f u g a t i o n  (1600g f o r  30 minu tes  a t  room t e m p e r a t u r e )  

t h e  s u p e r n a t a n t  was d i s c a r d e d  and t h e  p r e c i p i t a t e  r e d i s s o l v e d  

i n  l O m l  o f  doubly d i s t i l l e d  water and t h e  above p r o c e d u r e  r e p e a t e d .  

The an t ibody  was t h e n  p u r i f i e d  on a g e l  f i l t r a t i o n  column (Sephadex 

G-25) p r e - e q u i l i b r a t e d  w i t h  10mM/L T r i s / H C l  b u f f e r ,  pH 7 . 4 .  

Immunoreac t iv i ty  of T4-FMCA conjug* -______- 
S e r i a l  d i l u t i o n s  of t h e  T4-FMCA c o n j u g a t e  and unmodif ied 

T4, were made i n  b u f f e r  (50rnM/L T r i s / H C l  pH 7 . 5 )  and t h e n  a s sayed  

i n  d u p l i c a t e  u s i n g  a commercial ly  a v a i l a b l e  t o t a l  T4 radioimmuno- 

a s say  k i t  ( T o t a l  T4 M A I A  k i t ,  code 12825, Serono D i a g n o s t i c s  

L t d . )  f o l l o w i n g  t h e  m a n u f a c t u r e r ' s  p r o t o c o l .  The b i n d i n g  of  

t h e  sample was e x p r e s s e d  as  t h e  r a t i o  of bound c o u n t s  i n  t h e  

sample ( B )  t o  t h e  bound c o u n t s  i n  t h e  z e r o  s t a n d a r d  ( 9 0 ) .  

E l e c t r o c h e m i c a l  a p p a r a t u s  and t e c h n i q u e s  

The methods and equipment  used have been d e s c r i b e d  i n  d e t a i l  

e l s ewhere  ( 1 7 ) .  During c y c l i c  voltammetry t h e  d . c .  v o l t a g e  s c a n  
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HOMOGENEOUS BIOELECTROCHEMICAL IMMUNOASSAY FOR THYROXINE 7 

r a t e  was 5 m V / s  o v e r  a p o t e n t i a l  range of 0 t o  + 5 5 0 m V  v e r s u s  a 

s a t u r a t e d  ca lomel  e l e c t r o d e  ( S . C . E . ) .  

The working  e l e c t r o d e  compr ised  of a d i s c  o f  p y r o l y t i c  g r a p h i t e  

f o i l  4mm i n  d i a m e t e r  ( s u p p l i e d  by Union C a r b i d e )  a t t a c h e d  t o  

a b r a s s  rod  by s i l v e r  l oaded  epoxy r e s i n  and e n c a p s u l a t e d  w i t h  

h e a t  s h r i n k a b l e  p o l y o l e f i n  t u b i n g  (RS Components L t d . ,  Corby ,  

U.K.). The g r a p h i t e  sur face  was p o l i s h e d  smooth w i t h  an a lumina /  

water s l u r r y  a f t e r  each  u s e .  

T4 assay protocol 

R e p l i c a t e  4 0 p l  s amples  o f  T4 i n  serum were added  t o  t h e  

e l e c t r o c h e m i c a l  c e l l  a l o n g  w i t h  4 0 ~ 1  o f  T4-FMCA i n  b u f f e r  ( l m M / L ) ,  

401.11 f e n c l o f e n a c  (10.2mM/L i n  b u f f e r )  and  40p1 o f  an t i -T4  a n t i b o d y .  

After mix ing ,  t h e  r e a g e n t s  were i n c u b a t e d  f o r  15 m i n u t e s  a t  37 

2 0 . 5 O C  and t h e n  40p1 o f  g l u c o s e  ( 1 M / L  c o n t a i n i n g  100mM/L magnesium 

c h l o r i d e )  and  1 6 0 ~ 1  o f  b u f f e r  ( 5 O m M / L  T r i s / H C l ,  pH 7 . 4 )  were 

added .  After mixing  and a l l o w i n g  t o  come t o  the rma l  e q u i l i b r i u m  

t h e  e l e c t r o c h e m i c a l  c u r r e n t  was measured .  F o l l o w i n g  t h e  a d d i t i o n  

o f  4 0 ~ 1  o f  g l u c o s e  o x i d a s e  ( l m g / m l ) ,  t h e  e l e c t r o c h e m i c a l  c u r r e n t  

was r emeasured .  The e l e c t r o d e  was p o l i s h e d  a f te r  each  measurement .  

After c o r r e c t i n g  t h e  measured e l e c t r o c h e m i c a l  c u r r e n t  i n  

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

t h e  enzyme, t h e  e l e c t r o c h e m i c a l  s i g n a l  was c a l c u l a t e d  u s i n g  t h e  

f o l l o w i n g  e q u a t i o n :  

S i g n a l  ( u n i t s )  = i + g l u c o s e  o x i d a s e  - (1) 340mV 

i 340mV - g l u c o s e  o x i d a s e  

T h i s  compensa tes  f o r  any i n t e r f e r e n c e  from e l e c t r o c h e m i c a l  o x i d a t i o n  

o f  T4 a t  t h e  g r a p h i t e  e l e c t r o d e .  

RESULTS 

C y c l i c  vo l tammetry  o f  t h e  T4-FMCA c o n j u g a t e  p roduced  two 

peaks  on t h e  fo rward  wave a t  o x i d i s i n g  p o t e n t i a l s  ( F i g .  2 ) .  

The f i r s t  peak  ( a t  + 295mV. v s  S .C .E . )  r e p r e s e n t s  t h e  o x i d a t i o n  

o f  t h e  f e r r o c e n e  g roup  i n  t h e  c o n j u g a t e  and h a s  a c o r r e s p o n d i n g  

peak on t h e  r e t u r n  wave ( a t  + 235mV v s  S .C .E . )  i n d i c a t i n g  t h a t  
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A 

Electrode potential 
(mV vs S.C.E.) 

0.5pA 

b I 2b0 ' 4b0 I 6b0 
Electrode potential 

(rnVvsS.C.E ) 

FIGURE 2 .  Cyclic voltammograms of A) 3mM/L thyroxine-ferrocene 
monocarboxylic acid in 5OmM/L Tris/HCl buffer, pH 7.5, containing 
100mM/L glucose and 10mM/L magnesium chloride. B) as A) but 
with the addition of 25.4 International Units of glucose oxidase/mL 
(temperature = 37 0.5OC; voltage scan rate = 5mV/s; pyrolytic 
graphite electrode). 

the ferrocene is still capable of undergoing redox electrochemical 

reactions. The second peak in the forward wave (at + 395mV vs 
S.C.E.) is the oxidation of T4. 

oxidase to the conjugate there is a change in the voltammogram, 

the return wave disappearing and the forward wave at the lower 

electrode potential increasing in magnitude, indicative of the 

flow of a catalytic current (Fig. 2). For maximum sensitivity 

the catalytic current was measured at + 340mV vs S.C.E., thus 
reducing the error arising from the electrochemical oxidation 

of T4. 

On addition of glucose and glucose 

Binding of anti-T4 antibody to the conjugate perturbed its 

ability to function as an electron transfer mediator for glucose 

oxidase (see Table l), whilst a mixture of T4, anti-T4 antibody 

and T4-FMCA gave intermediate currents (Table 1). These data 

suggest that, after adjusting the concentrations and volumes 

of the reagents, a competitive T4 assay, using T4-FMCA as a tracer, 

should be practicable. 

The immunoreactivity of the T4-FMCA was compared with that 

of the T4 using radioimmunoassay. The results showed that the 

T4-FMCA is somewhat less immunologically active than T4 (see 

Fig. 3 )  but still suitable for use as a tracer in an immunoassay. 
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HOMOGENEOUS BIOELECTROCHEMICAL IMMUNOASSAY FOR THYROXINE 9 

TABLE 1 

Data Demonstrating the Ability of a Thyroxine/Ferrocene Mono- 
carboxylic Acid Conjugate to Act as an Electon Transfer Mediator 
for Glucose Oxidase and the Effect of Binding the Conjugate to 
Anti-thyroxine Antibody. 

CONDITIONS ELECTROCHEMICAL CURRENT (PA) 

T4-FMCA + Glucose 0.58 

T4-FMCA + glucose + 
glucose oxidase 

1.58 0.004 

T4-FMCA + glucose + glucose 1.35 2 0.01 
oxidase + anti-T4 antibody 

T4-FMCA + glucose + glucose 1.53 0.05 
oxidase + T4 + anti-T4 antibody 

T4-FMCA = thyroxine/ferrocene monocarboxylic acid conjugate 
Final concentrati ns of reagents: 

glucose = 100mM/L 
glucose oxid se = 6.25 x 10-7M/L 

-9 T4-FMCA = 3 x 10 M/L 

-? T4 = 5 x 10 M/L 

T4 is normally present in the blood stream in large amounts, 

strongly and reversibly bound to serum proteins, mainly to thyroxine 

binding globulin (TBG), prealbumin and albumin. In order to 

measure total T4 in a serum sample using an electrochemical 

technique, all the bound T4 needs to be displaced from the serum 

proteins, the T4 being replaced by a blocking agent which exhibits 

no significant electrochemistry in the potential range of interest 

( 0  to +550mV vs S.C.E.). The nonsteroidal anti-inflammatory drug 

fenclofenac ( ~2-(2,4-dichlorophenoxy) phenyl 7 acetic acid; 
fenclofenac) has been shown to displace T4 from serum proteins 

(20). Cyclic voltammetry on a solution of fenclofenac (2.5mM/L) 

showed that the drug has very little electrochemical activity 

in the potential range of interest ( 0  to +550mV vs S.C.E.) (Fig. 

4)  (i340mV -fenclofenac = 0.135pA; i +fenclofenac = 0.16ClpA) 340mV 
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120- 

100- 

- 

80- 

60 

40- 

20- 

80 

\ 

-*. 
x ',T4 

*"\ 

T4-FMCA 

I I 

1: 
I I 

l X l b  1x10  1x10 

Analyle concentration (M/L) 

FIGURE 3. 
and the thyroxine-ferrocene monocarboxylic acid conjugate 

Data comparing the immunoreactivity of thyroxine (T4) 

(TO-FMCA). 

b I 2b0 ' 460 ' 6b0 b ' 2b0 I 4b0 ' 610 
Electrode olential Electrode potential 

(mvvs J.c.E.) (mV vs S.C.E.) 

FIGURE 4. Cyclic voltammograms showing the electrochemistry 
of fenclofenac. A )  is 50mM/L Tris/HCl, buffer, pH 7.5; B) as 
A) but with the addition of 10mM/L fenclofenac. 
(temperature = 37 2 0.5OC; voltage scan rate = 5mV/s; pyrolytic 
graphite electrode) . 
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HOMOGENEOUS BIOELECTROCHEMICAL IMMUNOASSAY FOR THYROXINE 11 

2.2 

2 0  

- 
v) 1 8  = 
3 - - 
m 
P 

0 
1 6  

E 
1 

2 u 1 4  
- 
w 

1 2  

1 0  

F I G U R E  5 .  

9 
I 1 1 I 

20 40 80 160 340 

Thyroxine concentration (ng/ml) 

Plot of electrochemical signal versus serum thyroxine 
concentration. 

and therefore should make a suitable T4 blocking agent for use 

in a bioelectrochemical T4 assay. 

A dose response curve for total T4 in serum was produced, 

using a final concentration of 2.5mM/L fenclofenac as blocking 

agent. The assay gave a linear relationship over the clinically 

important concentration range (20ng T4/ml to 320ng TA/rnl (2.5 

x 10-8M/L to 4.1 x 10-7M/L)) (Fig. 5), demonstrating the 

applicability of an homogeneous electrochemical immunoassay for 

total T4 in serum. 
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12 ROBINSON, HARTINAZZO, AND FORREST 

I)I scuss ION 
These results demonstrate the general principle of homogeneous 

electrochemical immunoassays for small analyte molecules. Amplifi- 

cation of the normal redox chemistry of the ferrocene molecule 

is provided by the catalytic activity of an oxido-reductase enzyme 
(in this case glucose oxidase). 

of an immunoassay is attractive because not only are the problems 

associated with the use of radioactive labels removed but also 

there is no need for the expensive items of optical equipment 

(e.g. fluorimeters, luminometers or spectrophotometers) or 

potentially carcinogenic chromophores which are normally associated 

with non-isotopic immunoassays. Advantageously, amperometric 

bioelectrochemistry generates a high current, low impedance signal 

directly, such a signal permitting easy data processing. 

Bioelectrochemical monitoring 

The bioelectrochemical T4 assay is much simpler to perform 

than the electrochemical assays described in the literature ( 7 , 8 )  

as there is no displacement of an electroactive molecule from 

an antibody by the electrochemically inert molecule to be measured. 

The assay is also much less complicated than the affinity electrode 

for T4 as described by Ikariyama (13) because no complex membrane 

synthesisis required. As the electrode potential at which the 

catalytic current is measured in the bioelectrochemical assay 

is low (+340mV vs S.C.E.) there is little interference from electro- 

chemically active components present in serum. Also  the ferrocene 

monocarboxylic acid/glucose oxidase system is not significantly 

affected by the partial pressure of oxygen in the sample (15) 

further simplifying the assay as the oxygen tension in the samples 

does not have to be strictly controlled. The lack of a separation 

step reduces errors normally associated with the decanting and 

aspirating steps of heterogeneous assays. 

The sensitivity of the assay may be improved by use of an 
oxido-reductase enzyme which has a higher turnover number than 

glucose oxidase (e.g. glucose dehydrogenase (E.C. 1.1.99.17)). 

From previous studies (15) other ferrocene derivatives have been 

shown to function as better mediators for glucose oxidase (e.g. 
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HOMOGENEOUS BIOELECTROCHEMICAL IMMUNOASSAY FOR THYROXINE 13 

(dimethylamino) methyl ferrocene) and, therefore, producing antigen/ 

mediator conjugates from such compounds may enhance the enzyme 

electrochemistry. The introduction of a spacer molecule between 

the antigen and mediator may facilitate electron transfer between 

the enzyme and mediator, again improving assay sensitivity. 

Thus a homogeneous bioelectrochemical assay for a low molecular 

weight antigen has been demonstrated but the technique, at the 

moment, is of theoretical interest only. Although the antigen 

of interest was a hormone, the assay could find applicability 

to theraputic drug monitoring and may offer the possibility of 

automation, permitting use outside centralised clinical laboratories, 

especially if part of the assay can be confined to the electrode 

surface. 
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