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ABSTRACT 

In this novel enzyme-tagged immunoelectrochemical assay, 
disposable carbon felt discs serve both as electrodes and as the 
heterogeneous solid phase. Antibodies are immobilized on the 
carbon felt via a diaminoalkane-biotin-avidin-biotin bridge. 
Alkaline phosphatase is used as a label. Bound antibodies are 
monitored by following the electro-oxidation of aminophenol, 
produced enzymatically from p-amino-phenyl phosphate by the 
immobilized alkaline phosphatase at the electrode surface. A model 
system designed for determination of mouse IgG concentration 
yielded a calibration curve ranging from 10pg/ml to 100pg/ml. This 
assay can be performed rapidly and a single determination 
completed within 20 minutes. The system is useful also for rapid 
quantitation of a small number (-80 organisms per ml) of bacteria. 

INTRODUCTION 

During the last decade, numerous attempts were made to 

combine the specificity of antibody-antigen interactions with the 

high sensitivity, wide dynamic range and simplicity of electro- 
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232 HADAS ET AL 

a n a l y t i c a l  methods .  T h e s e  a t t e m p t s  l e d  t o  t h e  d e v e l o p m e n t  o f  

immunoassays ,  which  show great promise i n  f i e l d s  such  as medical  

d i a g n o s t i c s  (1).  

E l e c t r o c h e m i c a l  immunoassays i n v o l v e  t h e  c o u p l i n g  o f  a n  

e l e c t r o a c t i v e  moiety t o  an a n t i g e n  o r  an an t ibody e i t h e r  d i r e c t l y  

( 2 - 4 )  o r  v i a  a n  enzyme ( 5 - 1 4 ) .  I n  e l e c t r o c h e m i c a l  enzyme 

immunoassays. u s u a l l y  an a n t i g e n  o r  an an t ibody i s  tagged wi th  an 

enzyme and the enzymatic r e a c t i o n  is  monitored by a 

p o t e n t i o m e t r i c  o r  a n  a m p e r o m e t r i c  e l e c t r o d e .  The a m p l i f i c a t i o n  

a t t a i n e d  by t h e  enzyme c a t a l y s i s  is p a r t i c u l a r l y  advantageous i n  

t h e  d e t e c t i o n  of very low c o n c e n t r a t i o n s  (15). Recent ly ,  s e v e r a l  

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

t h e  immunological  s o l i d  phase and as t h e  e l e c t r o c h e m i c a l  d e t e c t o r  

(16-18). 

I n  a p r e v i o u s  p u b l i c a t i o n  (19) w e  d e s c r i b e d  p r e l i m i n a r y  

r e s u l t s  o b t a i n e d  w i t h  a n  immunosensor  based  upon t h e  enzymatic 

r e a c t i o n  o f  a l k a l i n e  phosphatase with its s u b s t r a t e  p-aminophenyl 

p h o s p h a t e .  I n  t h a t  s y s t e m ,  g l a s s y  c a r b o n  s e r v e d  both as t h e  

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

a m p e r o m e t r i c  e l e c t r o d e  t h a t  o x i d i z e s  t h e  aminophenol formed i n  

t h e  enzymatic r e a c t i o n .  Glassy carbon e l e c t r o d e s  were also used i n  

a h e t e r o g e n e o u s  immunoassay u s i n g  g lucose  oxidase  as an enzyme 

l a b e l (  16 -17) .  Huet  e t  a l .  ( 2 0 )  r e c e n t l y  showed,  by u s i n g  

r o t a t i n g  d i s c  e l e c t r o d e s  made o f  g l a s s y  c a r b o n ,  t h a t  mass 

t r a n s f e r  t o  t h e  s o l i d  phase c o n s i s t i n g  of a n t i b o d i e s  immobilized 

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

irnmunoassays. 
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HETEROGENEOUS IMMUNOELECTROCHEMICAL ASSAY 233 

Although t h e  r e s u l t s  o b t a i n e d  by u s  and o t h e r s  u s i n g  g l a s s y  

c a r b o n  l o o k e d  p r o m i s i n g ,  w e  e n c o u n t e r e d  s e v e r a l  p r o b l e m s :  

Q u a n t i f i c a t i o n  o f  t h e  r e s u l t s  was d i f f i c u l t  b e c a u s e  t h e  

e l e c t r o d e s  were n o t  uniform, c o n s i d e r a b l e  t i m e  was r e q u i r e d  for  

c o m p l e t i o n  o f  t h e  r e a c t i o n ,  t h e  dynamic range o f  t h e  a s s a y  was 

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

d e t e r m i n a t i o n  was i n a d e q u a t e .  We assumed t h a t  most o f  t h e s e  

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

v a r i a b l e  amounts  o f  an t ibody adsorbed to  t h e  s o l i d  phase  d u r i n g  

t h e  f i r s t  s t e p  o f  t h e  assay .  We t h e r e f o r e  a t tempted  to  improve 

t h e  ant ibody-binding c a p a c i t y  o f  t h e  e l e c t r o d e  s u r f a c e  by v a r y i n g  

b o t h  t h e  n a t u r e  o f  t h e  carbon s u r f a c e  and the number of an t ibody-  

b i n d i n g  si tes.  These e f f o r t s  l e d  t o  t h e  development o f  the novel  

immunoassay d e s c r i b e d  i n  t h i s  paper .  

MATERIALS AND METHODS 

Materials 

1 .6-Diaminohexane  (hexamethylenediamine ,  HMD) w a s  o b t a i n e d  

f r o m  F l u k a  AG (Germany) .  l-Cyclohexyl-3-(morpholino-ethyl) 

c a r b o d i i m i d e  m e t h o - p -  t o l u e n e s u l f o n a t e  ( C C D )  a n d  a l l  o t h e r  

m a t e r i a l s  were o b t a i n e d  from S i g m a  (USA) u n l e s s  o t h e r w i s e  

i n d i c a t e d .  Formalin-f ixed Staphylococcus aureus  w a s  o b t a i n e d  from 

S i g m a .  p - A m i n o p h e n y l  p h o s p h a t e  (APP)  was s y n t h e s i z e d  as 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



234 HADAS ET AL. 

d e s c r i b e d  p r e v i o u s l y  ( 2 1 ) .  Carbon f e l t  shee t s  (RVG 1000) were 

o b t a i n e d  from Le Carbon Lorraine (France).  Carbon f e l t  d i s c s  ( 5  

mm diameter) were cu t  from the carbon f e l t  shee t s .  

Immobilization of Antibodies 

An t ibod ies  were immobilized on the  carbon f e l t  d i s c s  e i t h e r  

by a d s o r p t i o n  or  v i a  a b io t in-av id in-b io t in  br idge  as described 

below. The d i s c s  were then s to red  i n  a des i cca to r  a t  4 ° C .  

Immobi l i za t ion  by adsorption: Discs were incubated i n  10 m l  

PBS con ta in ing  10 pg/ml of anti-mouse I g  an t ibodies  (Sigma M8642) 

f o r  16 hours a t  room temperature with shaking. 

Binding  o f  a n t i b o d i e s  to carbon f e l t s  v i a  a b io t in-av id in-  

b i o t i n  b r i d g e :  D i scs  were immersed i n  a so lu t ion  of 1 M HMD and 

500 mg/ml of CCD i n  water,  f i n a l  pH 5.0 (with HCl), and incubated 

f o r  16 hour s  a t  ambient temperature with shaking. Af te r  thorough 

washing wi th  PBS t h e  d i s c s  were immersed i n  1 m l  of 100 mM Na- 

phospha te  b u f f e r  pH 8 . 0 .  Following the  addi t ion  of N-hydroxy- 

succ in imide  b i o t i n  (NHS-biotin) d i s s o l v e d  i n  dirnethylformamide 

(DMF) t o  a f i n a l  c o n c e n t r a t i o n  o f  1 m g / m l ,  t h e  m i x t u r e  w a s  

i n c u b a t e d  f o r  16 hour s  a t  ambient temperature with shaking. The 

d i s c s  were t h e n  washed well wi th  PBS, p l a c e d  i n  1 m l  o f  PBS 

c o n t a i n i n g  50 pg/ml a v i d i n ,  and i n c u b a t e d  for 10  minutes with 

shak ing .  F i n a l l y ,  t h e  d i s c s  were p l a c e d  i n  1 m l  PBS conta in ing  

b i o t i n y l a t e d  an t i -mouse  Ig a n t i b o d i e s  ( d i l u t e d  l / 2 5 0  from a 
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HETEROGENEOUS IMMUNOELECTROCHEMICAL ASSAY 235 

commercial preparation), incubated for 10 minutes with shaking and 

washed extensively with PBS. 

Immunoelectrochemical Assay 

Prior to use the carbon felt discs were mounted on a special 

housing made of a teflon cylinder containing a concentric platinum 

wire and a teflon cap with a stainless steel net (Fig. 1 ) .  This 

assembly served both as a heterogeneous phase for antigen 

(analyte) capture and as the working electrode in the amperometric 

measurement, and is referred to henceforth as the antibody 

electrode. The assay was performed with 5-10 electrodes in 

parallel. 

The immunoelectrochemical assay consists of three steps: 

1 .  Antigen capture: Each of the antibody coated electrodes was 

immersed in 1 ml of analyte solution in PBS and rotated at about 

1000 rpm for 5 minutes (unless otherwise specified), followed by 

gentle washing in water. 

2 .  Conjugate binding: The electrodes were then introduced into 

1 ml of conjugate solution (Sigma anti-mouse IgG antibodies, 

coupled with alkaline phosphatase (AP) and diluted l/Z5O in PBS 

solution containing 2% Tween 20 and 1% BSA) and rotated at about 

1000 rpm for an additional 5 minutes. 

3 .  Electrochemical determination of enzyme activity: After being 

gently washed in water the electrodes were transferred into the 
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I 

HADAS ET AL. 

- 

e l e c t r o c h e m i c a l  c e l l  c o n t a i n i n g  5 m l  of  s u b s t r a t e  s o l u t i o n  (3 .7  

m g / m l  o f  APP i n  50 m M  N a  CO pH 9 .6)  and  r o t a t e d  a t  a b o u t  

500 rpm. A p o t e n t i a l  of  0.22 V was app l i ed  between t h e  ant ibody 

e l e c t r o d e  and a ca lomel  e l e c t r o d e  (Radiometer K-401 Copenhagen. 

2 3' 
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FIGURE 2 .  

CARBON FELT 

I 
EDC 

HMD 
I 

I 

NHS-BIOTIN 
I 

AVlDlN 

Biotinylated u-mouse IgG 

mouse IgG 

I 

I 

I 

AP - a-mouse IgG 

(PAPP ---> PAP) 

A 

Scheme showing the immunoelectrode structure. 
a. 
b .  Antibody electrode for  the determination of S .  aureus. 

Antibody electrode f o r  Ehe determination of mouse IgG. 

Denmark), and current production between the working electrode 

and a counter electrode (platinum mesh) was measured. A 

computerized electrochemical system described earlier ( 2 2 )  was 

employed f o r  current reading and signal averaging. Measurement 

was automatically repeated until readings were stabilized, which 

usually occurred within 1 minute. A complete scheme of  the 

immunoelectrodes is presented in Fig. 2a. 
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I CARBON FELT I 
I 
I 

EDC 

HMD 
1 

I 
NHS-BIOTIN 

I 

AVlDlN 

Biotinylated rabbit IgG 

STAPH. AUREUS 

AP - rabbit IgG 

I 

I 

I 

(PAPP ---> PAP) 

B 

FIGURE 2B 

Detection of Staphylococcus aureus 

A general scheme for detection of the bacteria is presented 

in Figure 2b. Antibody electrodes were prepared with immobilized 

rabbit IgG (affinity-purified rabbit anti-mouse Ig antibodies) via 

the biotin-avidin-biotin bridge. as described above. The 

electrodes were then rotated for 5 minutes in PBS suspensions of 

different S. aureus at different concentrations, washed with PBS, 

and rotated for 5 minutes with an AP-conjugated rabbit antibody 

(rabbit anti-mouse IgG) in PBS blocking solution containing 1% 
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HETEROGENEOUS IMMUNOELECTROCHEMICAL ASSAY 239 

BSA and 2% Tween 20. The e l e c t r o c h e m i c a l  s i g n a l  w a s  measured 

following washing as described above. 

RESULTS 

Immobilization of  Antibodies 

The a b i l i t y  of  t h e  ca rbon  f e l t  d i s c s  t o  se rve  both as t h e  

h e t e r o g e n e o u s  p h a s e  i n  a n  enzyme immunoassay  a n d  as a n  

e l e c t r o c h e m i c a l  d e t e c t o r  was s t u d i e d  f i r s t  i n  a model sandwich 

sys t em.  A n t i b o d i e s  ( an t i -mouse  IgG) were immobi l ized  on the  

ca rbon  f e l t  d i s c s  by p h y s i c a l  a d s o r p t i o n .  The d i s c s  were then 

used  f o r  t h e  d e t e r m i n a t i o n  o f  v a r i o u s  mouse I& concent ra t ions  

a c c o r d i n g  t o  t h e  p rocedure  d e s c r i b e d  above .  The r e s u l t s  a r e  

presented i n  Figure 3 (lower cu rve ) .  

Although a c a l i b r a t i o n  c u r v e  was o b t a i n e d  t h e  amounts of 

a c t i v e  a n t i b o d y  immobi l ized  by t h i s  procedure were r e l a t i v e l y  

sma l l ,  r e s u l t i n g  i n  a narrow dynamic range of  t he  a s say ,  low l i m i t  

of de t ec t ion  ( L O D ) .  low s e n s i t i v i t y  and i n s u f f i c i e n t  

r e p r o d u c i b i l i t y  b e t w e e n  d i f f e r e n t  d i s c s .  We t h e r e f o r e  

s u b s t i t u t e d  covalent immobilization f o r  adsorp t ion ,  i n  an attempt 

t o  inc rease  the  amount of antibody immobilized on t h e  carbon fe l t .  

I n i t i a l l y ,  we t r i e d  t o  immobi l ize  t h e  a n t i b o d i e s  on t h e  

ca rbon  f e l t  u s ing  the  carbodiimide bridge preceded by an e l e c t r o -  

o x i d a t i o n  s t e p  t o  form a c a r b o x y l i c  g roup  on t h e  carbon (23 ) .  
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240 HADAS ET AL. 

FIGURE 7. 

100 

10 

1 

// 1 
1 I I I 

/ 

I 

_- 

b/- 
0 lo-" 1 0 " O  lo-' 10-8 1 o-? 10-6 10-5 

Mouse IgG (g/ml) 
Immunoelec trochemical determination of mouse IgG by 

carbon felt electrodes 
Lower curve: 
Upper curve: First antibody immobilized via HMD-biotin-avidin- 
biotin bridge. 

First antibody immobilized by adsorption. 

This technique, which had proved successful in binding of 

antibodies to glassy carbon electrodes, was found here to produce 

high background currents that interferred with the 

electrochemical measurement. These currents could be eliminated 

if the preliminary preoxidation step was excluded. However, 

neither the assay sensitivity nor amount of bound antibody as 

detected by radiolabeling showed any advantage over the 

physical adsorption technique.. 
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S e v e r a l  r e p o r t s  h a v e  documented  t h e  importance of a s p a c e r  

arm i n  l i g a n d  c o u p l i n g  ( 2 4 ) .  An adequate  s p a c e r  arm promotes t h e  

e f f e c t i v e  u t i l i z a t i o n  o f  a c t i v e  s i t e s  w i t h  a minimum d e g r e e  o f  

b l o c k a g e  and a l l o w s  f o r  f l e x i b i l i t y  and m o b i l i t y  o f  t h e  an t ibody 

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

in t roduced  s p a c e r s  between t h e  carbon f e l t  and t h e  f i r s t  an t ibody 

molecules  by employing t h e  fo l lowing  procedures :  

1. B i n d i n g  v i a  d i a m i n o a l k a n e :  HMD was bound t o  t h e  carbon by 

i n c u b a t i o n  i n  b u f f e r  c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  of HMD and 

C C D .  Under t h e s e  c o n d i t i o n s  CCD mediates  t h e  b i n d i n g  o f  HMD t o  

f r e e  c a r b o x y l  g r o u p s  on  t h e  c a r b o n  f e l t  s u r f a c e .  N e x t ,  t h e  

a m i n a t e d  c a r b o n  f e l t  d i s c s  were a c t i v a t e d  by i m m e r s i o n  i n  

g l u t a r a l d e h y d e  ( G A )  s o l u t i o n  and t h e  a n t i b o d i e s  were t h e n  

immobilized on t h e  GA-activated carbon d i s c s .  

2 .  B i n d i n g  v i a  b i o t i n - a v i d i n - b i o t i n :  Carbon f e l t  d i s c s  were 

b i o t i n y l a t e d  by i n c u b a t i o n  w i t h  b i o t i n  hydraz ide  and w i t h  CCD, 

which mediates  t h e  b inding  o f  hydraz ide  groups t o  f r e e  carboxyl  

g r o u p s  on  t h e  c a r b o n .  The b i o t i n y l a t e d  d i s c s  were t h e n  r e a c t e d  

w i t h  a v i d i n  and t h e  a v i d i n - c o a t e d  d i s c s  were i n  t u r n  r e a c t e d  

w i t h  b i o t i n y l a t e d  a n t i b o d i e s .  Use o f  t h e  b i o t i n - a v i d i n - b i o t i n  

b r i d g e  is a w e l l  documented s t r a t e g y  i n  immunochemistry (25,26) .  

3 .  B i n d i n g  v i a  d i a m i n o a l k a n e  and b i o t i n - a v i d i n - b i o t i n :  Carbon 

f e l t  d i s c s  were a m i n a t e d  w i t h  HMD, as d e s c r i b e d  i n  procedure  1 

a b o v e .  The aminated d i s c s  were b i o t i n y l a t e d  by r e a c t i o n  w i t h  NHS- 

b i o t i n ,  f o l l o w e d  by  r e a c t i o n  f i r s t  w i t h  a v i d i n  and  then  w i t h  

b i o t i n y l a t e d  a n t i b o d i e s ,  as d e s c r i b e d  i n  procedure  2 above. 
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Although an t ibod ie s  were immobilized by procedures 1 and 2 ,  

t h e  amounts of immobilized a c t i v e  an t ibodies  d id  not  exceed those 

o b t a i n e d  by p h y s i c a l  a d s o r p t i o n ,  as judged  by t h e  enzymat i c  

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

s t a n d a r d  a s s a y  sys t em.  However, a s i g n i f i c a n t  i nc rease  i n  the  

e n z y m a t i c  a c t i v i t y  o f  t h e  e l e c t r o d e s  was a c c o m p l i s h e d  by 

p rocedure  3 ,  i . e .  by a combination of  t he  diaminoalkane spacer  

a n d  t h e  b i o t i n - a v i d i n - b i o t i n  b r i d g e .  The r e s u l t i n g  h i g h  

e l e c t r o c a t a l y t i c  c u r r e n t s  l e d  t o  a more s a t i s f a c t o r y  l i m i t  of 

d e t e c t i o n  ( L O D ) ,  an  i n c r e a s e d  dynamic r ange  and an  improved 

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

procedures used f o r  immobilization of  t h e  an t ibodies  (F ig .  3 upper 

cu rve ) .  

Ef fec t  of Electrode Rotation on Rate of  Analyte Binding 

The a n t i b o d y - a n t i g e n  r e a c t i o n  i n  s o l u t i o n  or  a t  the  s o l i d -  

l i q u i d  i n t e r f a c e  i s  n o t  u s u a l l y  d i f f u s i o n  l i m i t e d .  However, 

r eac t ions  a t  t he  so l id - l iqu id  i n t e r f a c e  of a r t i f i c i a l  su r f aces  are 

l i m i t e d  i n  p r a c t i c e  b y  mass t r a n s p o r t  ( 2 7 ) .  I n  m o s t  

heterogeneous immunoassays (wi th  the  exception of immunofil tration 

a s s a y s ,  (28) ) , i ncuba t ion  times of a t  least 1 hour a t  ambient or 

e l e v a t e d  ( 3 7 ' C )  t e m p e r a t u r e  a r e  n e c e s s a r y  f o r  c o m p l e t e  

i n t e r a c t i o n  of an t igens  with t h e  immobilized an t ibodies .  

A r o t a t i n g  e l ec t rode  causes a flow of  t h e  f l u i d  t angen t i a l  t o  

t h e  e l e c t r o d e  s u r f a c e ,  r e s u l t i n g  i n  t h e  formation o f  a d i f f u s i o n  
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HETEROGENEOUS IMMUNOELECTROCHEMICAL ASSAY 243 

l a y e r  o f  c o n s t a n t  t h i c k n e s s .  It  was previous ly  shown t h a t  t h e  

f low of a n t i g e n  molecules t o  t h e  e l ec t rode  su r face  is  con t ro l l ed  

by t h e  p a r a m e t e r  D/d, i . e .  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  

an t igen ,  and by t h e  thickness of  t he  d i f f u s i o n  l a y e r  (20) .  

R o t a t i o n  o f  an e l ec t rode  made of  carbon f e l t ,  which is non- 

r i g i d  and h a s  a s u r f a c e  a rea  i n  a f i n i t e  volume of t h e  an t igen  

s o l u t i o n ,  e f f e c t s  a rap id  contac t  between t h e  s o l u t i o n  and t h e  

sur face .  Moreover, t h e  immobilized an t ibodies  are a t  a h igh  enough 

c o n c e n t r a t i o n  t o  e f f i c i e n t l y  capture  a h igh  propor t ion  of  t h e  

a n t i g e n  molecu le s .  Consequen t ly ,  w i t h  t h e  r o t a t i n g  e l e c t r o d e s  

i n c u b a t i o n  times are s i g n i f i c a n t l y  r e d u c e d ,  t h e  immunological 

r e a c t i o n s  are completed within 3-5 minutes. We s e l e c t e d  a speed 

o f  a b o u t  1000 rpm as a s t a n d a r d  f o r  ana ly t e  and second antibody 

b i n d i n g .  The e x a c t  e f f e c t  o f  t h e  r o t a t i o n  speed  on t h e  assay  

s e n s i t i v i t y  is cu r ren t ly  under inves t iga t ion .  

Effect of  Temperature on Electrode S igna l  

Theore t i ca l ly ,  temperature might i n f luence  t h e  

immunoelectrochemical measurement i n  th ree  ways : a. By a f f e c t i n g  

t h e  k i n e t i c s  of t h e  b i n d i n g  of t h e  ana ly t e s  t o  t h e  immobilized 

a n t i b o d y  a n d  t h e  b i n d i n g  k i n e t i c s  t o  t h e  c o n j u g a t e :  b .  

a f f e c t i n g  t h e  e n z y m a t e  a c t i v i t y ,  and c .  by a f f e c t i n g  t h e  

e l e c t r o c h e m i c a l  k i n e t i c s .  I n i t i a l  experiments i nd ica t ed  however 

t h a t  when a r o t a t i n g  e l e c t r o d e  is used, under t h e  hydrodynamic 
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FIGURE 4 .  
s i g n a l .  (See  t e x t  f o r  d e t a i l s )  

E f f e c t  o f  t e m p e r a t u r e  upon t h e  e l e c t r o c h e m i c a l  

c o n d i t i o n s  s p e c i f i e d  i n  t h e  p r e c e d i n g  s e c t i o n ,  t h e  k i n e t i c s  o f  

l i g a n d  b inding  are not  temperature  dependent .  

We t h e n  examined t h e  e f f e c t  o f  tempera ture  on t h e  measured 

s i g n a l .  S i n c e  t h e  aminophenol  formed was determined a t  0.22V. 

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

t h e  aminophenol (19) .  and s i n c e  t h e  s u b s t r a t e  was i n  e x c e s s ,  any 

e f f e c t  o f  t h e  t e m p e r a t u r e  s h o u l d  b e  r e l a t e d  t o  t h e  enzymatic  

a c t i v i t y .  Accordingly,  t h e  i n c r e a s e d  enzymatic a c t i v i t y  observed 

a t  a r o u n d  37'C ( F i g .  4 )  is e x p e c t e d ,  s i n c e  t h e  AP u s e d  f o r  

c o n j u g a t i o n  t o  t h e  a n t i b o d y  was prepared  from bovine i n t e s t i n a l  
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mucosa.  G e n e r a t i o n  of t h e  e l e c t r o c h e m i c a l  s i g n a l  a t  37 'C  helped  

t o  e n h a n c e  t h e  p r e c i s i o n  o f  t h e  a s s a y  as w e l l  as i n c r e a s i n g  t h e  

measured s i g n a l .  

Detec t ion  o f  B a c t e r i a  

D e t e c t i o n  o f  S.  a u r e u s  was s e l e c t e d  as a model system f o r  

t e s t i n g  t h e  a b i l i t y  o f  o u r  immunoelectrochemical a s s a y  system t o  

d e t e c t  b a c t e r i a .  T h i s  bacter ium was s e l e c t e d  s i n c e  t h e  p r o t e i n  A 

on i ts  c e l l  s u r f a c e  b inds  immunoglobulin. 

Using an a s s a y  format  i d e n t i c a l  wi th  t h a t  used f o r  d e t e c t i o n  

o f  mouse I g ,  we were a b l e  t o  d e t e c t  t h e  presence  o f  as few as 80 

b a c t e r i a  p e r  m l  i n  20 minutes ( F i g .  5 ) .  

DISCUSSION 

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

c o l o r i m e t r i c ,  heterogeneous enzyme immunoassay, which is  a v a i l a b l e  

i n  a v a r i e t y  o f  d i f f e r e n t  forms. Disadvantages o f  t h e s e  i n c l u d e  

t h e i r  nar row dynamic range ,  which u s u a l l y  n e c e s s i t a t e s  t e s t i n g  o f  

s e v e r a l  d i l u t i o n s  o f  t h e  sample, and t h e  r e l a t i v e l y  h i g h  cost o f  

t h e  ELISA r e a d e r s .  The common a l t e r n a t i v e s ,  f l u o r e s c e n t  and  

l u m i n e s c e n t  enzyme immunoassays. possess  a wider  dyanamic r a n g e ,  

b e t t e r  L O D ,  and greater s e n s i t i v i t y  than  t h e  colorimetric a s s a y s ,  
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FIGURE 5 .  Detection of S. Aureus by the immunoelectrochemical 
assay system. 

but fluorescence and luminescence readers are even more expensive 

than the colorimetric ELISA readers. The last decade has seen a 

growing interest in the development of rapid and sensitive 

immunoelectrical techniques. The various potentiometric and 

amperometric immunoelectrodes described in the literature indicate 

than an electrode-based immunoassay could offer a simple and cheap 

alternative approach. Amperometric immunoassays involve somewhat 

more instrumentation than potentiometric ones, but possess much 

higher sensitivity (29). In particular, amperometric enzyme 

immunoassays that involve a specific enzyme reaction resulting in 
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c u r r e n t  g e n e r a t i o n  o f f e r  n o t  on ly  a heightened s e n s i t i v i t y ,  bu t  

a l s o  a high dynamic range. 

I n  t h i s  w o r k  w e  h a v e  u s e d  a s p e c i f i c  model  e l e c t r o  

immunoassay sys tem and compared the  r e s u l t s  with those  obtained 

p r e v i o u s l y  ( 1 9 )  u s i n g  the  same an t ibod ies ,  t he  same an t igen ,  and 

t h e  same enzymatic and electrochemical r eac t ions .  The advantages 

of t h e  present  system a r e  as follows: : 

1. The u s e  o f  ca rbon  f e l t  i n s t ead  of g l a s sy  carbon, coupled with 

c o v a l e n t  immobi l i za t ion  of an t ibodies  v i a  a spacer ,  r e s u l t s  i n  a 

s o l i d  phase  p o s s e s s i n g  a h i g h  c a p a c i t y  and hence an increased  

dynamic r a n g e ,  s p a n n i n g  from 10 pg/ml t o  100 pg/ml. The system 

can  t h e r e f o r e  be  c o n v e n i e n t l y  used  f o r  t h e  d e t e r m i n a t i o n  of  a 

l a r g e  number o f  a n a l y t e s ,  w i t h  minimal d i l u t i o n  o f  t h e  t e s t  

sample .  The high cu r ren t  improves the  assay  s e n s i t i v i t y  and a l s o  

makes t h e  system more robust.  

2 .  The time needed t o  per form t h e  t es t  was reduced  from 1-3 

hours t o  5-20 minutes. For semi-quant i ta t ive  de te rmina t ion  a t o t a l  

assay time of  less than 5 minutes is  adequate. 

3 .  The use of a r o t a t i n g  e l ec t rode  enables t h e  system t o  dea l  with 

r e l a t i v e l y  l a r g e  v o l u m e s .  T h i s  e f f e c t i v e l y  enhances  t h e  

s e n s i t i v i t y  o f  c e r t a i n  a s s a y s  (e.g. u r i n e  a n a l y s i s ,  water 

t e s t i n g ) ,  where t h e  amount o f  test  material is n o t  a l i m i t i n g  

factor. 

4 .  Un l ike  g l a s s y  c a r b o n ,  which must be cleaned after each use ,  

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

e l e c t r o d e )  no t  on ly  has a very l a r g e  e f f e c t i v e  su r face  area, bu t  

is a l s o  cheap and d isposable .  
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248 HADAS ET A L .  

The LOD o b t a i n e d  wi th  t h e  p r e s e n t  a s s a y  system is 10 pg/ml. 

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

immunoassays i n  c u r r e n t  u s e .  i t  is n o t  remarkable  compared with 

o t h e r  h e t e r o g e n e o u s  a s s a y s .  For  example, Kitamurao e t  a l .  (30) 

r e p o r t e d  a n  LOD of 0 .3  pg/ml for  I L - 2  u s i n g  a f l u o r e s c e n t  l a b e l ,  

a n d  B r o n s t e i n  e t  a l .  ( 3 1 )  r e p o r t e d  a n  LOD of 0 . 7  pg/ml  f o r  

a l k a l i n e  phosphatase  u s i n g  a chemiluminescent enzyme immunoassay. 

J e n k i n s  e t  a l .  ( 3 2 )  r e c e n t l y  d e s c r i b e d  an immunoelectrochemical 

system employing t h e  same enzyme l a b e l  and s u b s t r a t e  as t h o s e  used 

by  us a n d  w h i c h ,  w i t h  p r o p e r  background c o n t r o l ,  r e p o r t e d l y  

d e t e c t e d  7 . 5  pg/ml o f  mouse IgG. I n  t h i s  s y s t e m ,  however, an 

e l e c t r o c h e m i c a l  s e n s o r  was u s e d  t o  monitor  phenol product ion  by 

a l k a l i n e  p h o s p h a t a s e  adsorbed t o  p o l y s t y r e n e ,  and t h e  phenol was 

q u a n t i t a t e d  by l i q u i d  c h r o m a t o g r a p h y  m o n i t o r e d  by  means of an 

e lec t rochemica l  system. Although much more complicated than ours ,  

t h e  s y s t e m  d e s c r i b e d  by J e n k i n s  (32) s u g g e s t s  t h a t  with f u r t h e r  

ref inement  of o u r  system w e  might be a b l e  t o  improve t h e  LOD. Our 

a s s a y  system, t h e r e f o r e ,  appears  to  be p o t e n t i a l l y  capable  of much 

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

s e n s i t i v e  immunoassays d e s c r i b e d  to  d a t e .  A factor still l i m i t i n g  

t h e  s e n s i t i v i t y  is  t h e  h i g h  b a c k g r o u n d ,  which w e  are c u r r e n t l y  

a t t e m p t i n g  t o  reduce.  

An enzyme-linked immunosensor capable  of d e t e c t i n g  p r o t e i n  A- 

b e a r i n g  S .  a u r e u s  i n  p u r e  c u l t u r e s  and i n  food samples h a s  been 

descr ibed  by Mirhabibol lah i  e t  a l .  (33) .  This assay relies on t h e  

a m p e r o m e t r i c  d e t e c t i o n  by a n  O2 e l e c t r o d e  o f  0 g e n e r a t e d  from 2 
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H202 b y  c a t a l a s e  l i n k e d  t o  t h e  s e c o n d a r y  a n t i b o d y .  T h e  

s e n s i t i v i t y  a t t a i n e d  was lo4 cfu/ml.  The a s s a y  was performed by 

u s i n g  a n t i b o d y - c o a t e d  membranes i n  a glass c o n t a i n e r ,  and was 

t h e r e f o r e  d i f f i c u l t  t o  a u t o m a t e .  T h e  e l e c t r o c h e m i c a l  

d e t e r m i n a t i o n  was t ime-consuming and r e q u i r e d  t h e  s e p a r a t i o n  o f  

t h e  r e a c t i o n  m i x t u r e  from a i r  oxygen. An improved amperometric 

i m m u n o s e n s o r ,  b a s e d  o n  t h e  d e t e c t i o n  of p h e n o l  p r o d u c e d  by  

a l k a l i n e  p h o s p h a t a s e .  c o u l d  d e t e c t  10 c f u / m l  ( 3 4 ) .  I n  t h a t  

immunoassay m i c r o t i t e r  p l a t e s  were u s e d  as  t h e  h e t e r o g e n e o u s  

phase,  and as a r e s u l t  t h e  procedure was r e l a t i v e l y  time-consuming 

( 2 - 3  h o u r s ) .  I n  t h e  p r e s e n t  work u t i l i z a t i o n  o f  t h e  same s u r f a c e  

f o r  b o t h  t h e  i m m u n o l o g i c a l  r e c o g n i t i o n  and t h e  e l e c t r o c h e m i c a l  

d e t e c t i o n  r e s u l t s  i n  a more r a p i d  and more s e n s i t i v e  d e t e c t i o n  o f  

S. aureus .  I n i t i a l  measurements o f  t h e  c o n c e n t r a t i o n  of S .  aureus  

u s i n g  t h i s  s y s t e m  showed t h a t  i t  was p o s s i b l e  t o  d e t e c t  -80 

o r g a n i s m s  p e r  m l .  S u b s e q u e n t  t r i a l s  ( d a t a  n o t  shown) i n d i c a t e d  

t h a t  as  f e w  as 5-10 o r g a n i s m s  p e r  m l  c o u l d  b e  r e p r o d u c i b l y  

d e t e c t e d  i n  a 1 0 - m i n u t e  a s s a y  a n d  t h a t  t h e  a s s a y  c o u l d  b e  

performed d i r e c t l y  i n  food samples .  These r e s u l t s  f u r t h e r  s u p p o r t  

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

where  t h e  LOD f o r  p r o t e i n  a n a l y t e s  i s  l o w e r  than  1 p g  p e r  m l .  

Our a s s a y  c o u l d  t h e n  f a v o r a b l y  compete  w i t h  t h e  most s e n s i t i v e  

immunoassay a v a i l a b l e  today. The advantages of o u r  

immunoelectrochemical a s s a y  system, namely, t h e  ease and r a p i d i t y  

o f  p e r f o r m a n c e ,  l o w  p r i c e ,  adequate  LOD and extended measurement 

r a n g e ,  c a n  b e  e x p e c t e d  t o  make i t  a p o p u l a r  c h o i c e  f o r  t h e  

d e t e c t i o n  o f  p r o t e i n  a n a l y t e s  and b a c t e r i a .  
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