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ENZYME-LINKED IMMUNOSORBENT ASSAYS 
FOR DETERMINATION OF PLASMA ALDOSTERONE 

USING HIGHLY SPECIFIC POLYCLONAL ANTIBODIES 

F id i  Schwartz, Eran Hadas, Marcel Harnik and Beka Solomon* 
Department of Biotechnology, Faculty of L i f e  Sciences,  

Tel-Aviv University,  Tel-Aviv 69978, Israel. 

ABSTRACT 

Two enzyme-linked immunosorbent assays were e s t ab l i shed  and 
compared for  the  estimation of plasma aldosterone. I n  the  f i r s t  
method immobi l ized  a l d o s t e r o n e - p r o t e i n  complexes on the  ELISA 
p l a t e s  compete with a ldos te rone  t o  be determined f o r  t he  binding 
o f  c e r t a i n  amount o f  a n t i - a l d o s t e r o n e  a n t i b o d i e s .  The 
s e n s i t i v i t y  of t h i s  method depends on the  pro te in  carrier used t o  
c o n j u g a t e  w i t h  a l d o s t e r o n e .  I n  t h e  second method, a n t i -  
a l d o s t e r o n e  a n t i b o d i e s  adsorbed  on ELISA p l a t e s  compete f o r  
b i n d i n g  of known amount of  t h e  enzyme- labe led  a l d o s t e r o n e  and 
a ldos te rone  t o  be determined. The h ighly  s p e c i f i c  r abb i t  a n t i -  
a ldos te rone  antibodies were obtained by in j ec t ion  of aldosterone- 
oxime thyroglobulin.  The de tec t ion  l i m i t  of a ldos te rone  i n  both 
methods ranged between 2-20 pg. The proposed assays are s u i t a b l e  
f o r  t h e  d e t e r m i n a t i o n  of a l d o s t e r o n e  i n  b i o l o g i c a l  f l u i d s  
compared with o ther  reported ELISA assays, as w e l l  as with R I A .  

KEY WORDS: Aldosterone, enzyme immunoassay 

INTRODUCTION 

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

mineralocorticoid,  is uniquely synthesized i n  the  zona granulosa  

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

* To whom correspondence should be addressed 
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r egu la t ing  the  metabolism of sodium and potassium ions ,  mostly by 

s t i m u l a t i n g  sodium r e a b s o r p t i o n  i n  exchange f o r  po tass ium and 

hydrogen ions  i n  the  d i s t a l  tubule  of t he  kidney. Determination 

of a ldos te rone  i n  b i o l o g i c a l  f l u i d s  is important f o r  t he  diagnosis 

of a v a r i e t y  of d i seases  r e l a t e d  t o  hypertension. The a ldos te rone  

c o n c e n t r a t i o n  i n  human p lasma and s a l i v a  are  r e l a t i v e l y  low i n  

comparison w i t h  o t h e r  s t e r o i d  hormones. The a l d o s t e r o n e  l e v e l  

v a r i e s  between 18 - 79 pg lml ,  and a f t e r  hormone s t i m u l a t i o n  

between 38 - 140 pg/ml (1). T h e r e f o r e ,  s e n s i t i v e  and s p e c i f i c  

assays a r e  needed f o r  its determination i n  b i o l o g i c a l  f l u i d s .  

The earliest  method f o r  a ldos t e rone  d e t e r m i n a t i o n  i n v o l v e d  

t h e  d o u b l e  i s o t o p e  a p p r o a c h  ( 2 )  which  was f o l l o w e d  by 

r a d i o i m m u n o a s s a y  p r o c e d u r e s  ( 3  - 6 ) .  Due t o  t h e  o b v i o u s  

inconveniences of t he  above methods an immunoenzymatic assay 

has  been deve loped .  T h i s  method was r e c e n t l y  a p p l i e d  f o r  t h e  

determination of s e v e r a l  s t e r o i d  hormones (7). Two art icles have 

been publi.shed r ecen t ly  descr ib ing  the  establishment of an enzyme 

immunoassay f o r  u r i n a r y  and plasma aldosterone us ing  monoclonal 

an t ibodies  aga ins t  a ldos te rone  (8,9).  

I n  t h e  present  study w e  developed and compared two d i f f e r e n t  

E L I S A  a s s a y s  f o r  p lasma a l d o s t e r o n e  u s i n g  h i g h l y  s p e c i f i c  

p o l y c l o n a l  a n t i - a l d o s t e r o n e  antibodies.  The s e n s i t i v i t y  of t he  

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

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

s i g n i f i c a n t l y  f rom t h e  z e r o  s t a n d a r d .  C o n c e n t r a t i o n  o f  

a ldos te rone  needed f o r  50% competit ive inh ib i t i on  of binding of a 
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known amount of antibodies by a certain amount of labeled 

aldosterone was used as another criterion for evaluation of 

sensitivity of the proposed assays. Both methods proposed are 

characterized by simplicity, reproducibility and high 

sensitivity required for their clinical applications. 

MATERIALS AND METHODS 

The following products were purchased from Sigma Chemical 

Co.: Bovine Thyroglobulin (TG) #T1001; Carboxypeptidase A (CPA) 

#C0386; Alkaline phosphatase (AP) #P5521; Alcohol dehydrogenase 

(ADH) #A3263 and Diaphorase (DI) #D2381. Horseradish 

peroxidase (HRP), and f3-galactosidase labeled Goat anti-rabbit 

IgG, p-nitrophenyl phosphate (pNPP) and o-nitrophenyl B-D- 

galactopyranoside (oNPG) were purchased from Amersham. 

Preparation of aldosterone-protein derivatives 
Aldosterone-21-acetate and aldosterone 18.21-diacetate were 

prepared according to Bayard et al. (2).Aldosterone-3- 

carboxymethyloxime 18,21 diacetate was prepared as described by 

Janoski et. al. (10). Its purity was checked by TLC on silicagel 

using the following solvent system: acetone/rnethanol 1:8 and 

to luene/acetone/me than01 1: 1: 1. 

Aldosterone-3-carboxymethoxime 18,21-diacetate was conjugated 

using N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide (11.12) to 

the following proteins: thyroglobulin. carboxypeptidase A and 

alkaline phosphatase. The conjugates were denoted as Aldo-TG, 

Aldo-CPA and Aldo-AP. Determination of the number of steroid 
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218 SCHWARTZ ET A L .  

res idues  pe r  one p ro te in  molecule was ca r r i ed  ou t  by spec t romet r ic  

a n a l y s i s  a t  240 nm o f  t h e  s t e r o i d - p r o t e i n  c o n j u g a t e s  i n  PBS. 

compensated by the  sub t r ac t ion  of t he  absorption due t o  the  amount 

of t he  p r o t e i n  present  i n  the  complex (13). 

The a ldos t e rone -a lka l ine  phosphatase complex, i n  add i t ion  as 

a coa t ing  antigen, was used as enzymatic marker f o r  determination 

of unknown amounts of plasma aldosterone. 

The enzyme a c t i v i t y  of conjugated a l k a l i n e  phosphatase w a s  

measured by both, the  conventional assay using pNPP as s u b s t r a t e  

and t h e  a m p l i f i e d  method (14) .  T h i s  was done by a d d i n g  10 pl 

samples conta in ing  a range of concentrations of t he  conjugate t o  

m i c r o t i t r e  p l a t e  wel ls  and assaying them a s  follows: 

C o n v e n t i o n a l  a s say :  80 1.11 of  5 mmol/l pNPP i n  0.9 m o l / l  

d i e t h a n o l a m i n e  b u f f e r ,  pH 9.8, c o n t a i n i n g  0.5 m m o l / l  MgSO4 w a s  

added t o  each w e l l  and incubated f o r  30 nmin a t  25OC. The enzyme 

r e a c t i o n  was t h e n  s topped  by a d d i t i o n  o f  270 ~1 of 2 m o l / l  N a O H  

and t h e  i n c r e a s e  i n  abso rbance  a t  405 nm o v e r  a r e a g e n t  b l a n k  

recorded. 

Enzyme ampl i f ied  assay: 80 pl of subs t r a t e  cons i s t ing  of 0.2 

mmol/l NADP i n  50 m m o l / l  diethanolamine buf fer ,  pH 9.5, conta in ing  

1.0 m m o l / l  MgC12 was added t o  each  sample  t o  b e  a s sayed  by t h e  

a m p l i f i e d  method and i n c u b a t e d  f o r  15 min a t  25OC. F u r t h e r  

phosphatase a c t i v i t y  was then inh ib i t ed  and cyc l ing  commenced by 

t h e  a d d i t i o n  o f  220 u 1  o f  a s o l u t i o n  c o n s i s t i n g  of: 0.4 mg/ml 

ADH, 0.4 mg/ml diaphorase and 0.55 mmol/l p-iodonitrotetrazolium 

v i o l e t  ( I N T )  i n  25 mmol/l sodium phospha te  b u f f e r ,  pH 7.2, 

conta in ing  4% (v /v )  e thanol .  The co lou r  development was stopped 
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a f t e r  a f u r t h e r  15 min i n c u b a t i o n  by a d d i t i o n  o f  50 p l  0.4 m o l / l  

H C 1  and the increase i n  absorbance a t  492 nm over a reagent blank 

recorded using a T i t e r t ek  Multiskan MC mic ro t i t r e  p l a t e  reader. 

Preparation of TG-aldosterone antiserum 

Three r a b b i t s  were immunized w i t h  t h e  Aldo-TG c o n j u g a t e  

a c c o r d i n g  t o  V a i t u k a i t i s  e t .  a l .  ( 1 5 ) .  Each r a b b i t  was 

intramuscularly injected with a t o t a l  of 2.5 mg of the conjugate 

e m u l s i f i e d  i n  Freund's complete  ad juvan t .  After two and t h r e e  

months booster i n j ec t ions  of 1.5 m g  of conjugate each i n  Freund's 

i ncomple t e  a d j u v a n t  w e r e  g iven .  The an t i s e rum w a s  p a r t i a l l y  

p u r i f i e d  by s u c c e s s i v e  p r e c i p i t a t i o n  wi th  s a t u r a t e d  ammonium 

s u l f a t e ,  d i a l y s e d  and t h e  amount of p r o t e i n  determined by 

spec t ropho tomet r i c  measurement a t  280 nm. The a p p a r e n t  b i n d i n g  

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

concentration of the antibodies which bind 50% of t o t a l  amount of 

coa ted  a n t i g e n  (16 ) .  The an t ibody  t i t e r s  o f  t h e  an t i s e rum were 

measured by an ELISA method using Aldo-CPA, Aldo- AP, CPA and TG 

as coating antigens. The amount of bound antibodies was monitored 

u s i n g  a second a n t i - r a b b i t  immunoglobulin l a b e l e d  w i t h  p-  
galactosidase.  Enzyme a c t i v i t y  of p-galactosidase was determined 

according t o  manufacturer. The s p e c i f i c i t y  of the antiserum f o r  

a ldosterone was determined by measuring the c ros s - r eac t iv i ty  with 

various s t e r o i d s  by radioimmunoassays ( R I A ) .  

Preparation of aldosterone sample from human plasma 

Frozen male plasma was a l l o w e d  t o  thaw and a 0.5 m l  sample 

was shaken wi th  12.5 m l  of  dichloromethane.  The e x t r a c t  was 

e v a p o r a t e d  wi th  n i t r o g e n  and t h e  r e s i d u e  was d i s s o l v e d  i n  PBS 
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c o n t a i n i n g  0.1% of g e l a t i n .  The e x t r a c t i o n  was r e p e a t e d  tw ice  

and amount of extracted aldosterone was determined by measuring 

the o p t i c a l  density a t  240 nm. The E240 -extinction coe f f i c i en t  

o f  pu re  a l d o s t e r o n e  is  17000. Recovery experiments  were 

performed as f o l l o w s .  A ldos t e rone  (5-10 pg/ml) was added t o  

human plasma and e x t r a c t e d  i n  a s i m i l a r  way. The d e t e c t i o n  o f  

added aldosterone, as w e l l  as the aldosterone from human plasma, 

were measured and compared. The c a l i b r a t i o n  c u r v e  with n a t i v e  

a l d o s t e r o n e  and s t e r o i d - f r e e  human plasma were performed )under 

s imilar  experimental conditions. 

Competitive assay with immobilized antigen 

Aldo-AP o r  Aldo-CPA o r  Aldo-TG (0.1 - 7.3) Pg/ml (100 p l )  

were added t o  each w e l l  of  an E L I S A  p l a t e  (Nunc) and incuba ted  

o v e r n i g h t  a t  4 O C .  A f t e r  washing t h e  p l a t e  with PBS c o n t a i n i n g  

0.05% Tween 20 n o n - s p e c i f i c  s i t e s  were blocked with 0.1% of  

g e l a t i n .  The a l d o s t e r o n e  an t i s e rum (2)lg/ml) was added a t  a 

d i l u t i o n  corresponding t o  the i n f l e c t i o n  point  of t he  t i t r a t i o n  

c u r v e ,  t o g e t h e r  w i t h  known amounts o f  a l d o s t e r o n e ,  1-1000 

pg/well ,  o r  with the sample t o  be determined i n  a t o t a l  volume of 

100 p l .  The r e a c t i o n  mixtures  were incuba ted  f o r  1 hour a t  

37OC. The amount of bound antibody was measured by the addi t ion 

of e i t h e r  p-GAL o r  HRP conjugated ant i - rabbi t  IgG. The enzymic 

a c t i v i t y  o f  p - G A L  o r  H R P  were determined acco rd ing  t o  t h e  

manufacturer's instruct ions.  The s t a n d a r d  c a l i b r a t i o n  c u r v e  was 

obtained with known amounts of aldosterone. 
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Competitive assay with immobilized antibody 

Aldosterone-TG a n t i b o d i e s  (1 )Ig/ml, 100 )11 i n  PBS) were 

A f t e r  added t o  t h e  w e l l s  of  ELISA p l a t e s  and incuba ted  a t  4OC.  

washing and b l o c k i n g ,  as d e s c r i b e d  above,  a known amount of 

a l d o s t e r o n e  t r e a t e d  s imi l a r  t o  t h e  sample was incuba ted  wi th  a 

c o n s t a n t  amount of  Aldo-AP con juga te  i n  PBS c o n t a i n i n g  0.1% 

ge la t in .  After incubation f o r  1 hour i n  37OC the wells were washed 

and t h e  amount o f  AP co r re spond ing  t o  t h e  amount of bound 

aldosterone w a s  measured e i t h e r  by a standard method employing p- 

nitrophenyl phosphate as substrate ,  o r  by the amplified method of 

Johannsson e t  a1  (14 )  u s i n g  i o d o n i t r o t e t r a z o l i u m  v i o l e t  as 

previously described. 

RESULTS 

Aldosterone d e r i v a t i v e s  were conjugated with var ious protein 

c a r r i e r s ,  s u c h  as CPA, AP and  TG, i n  o r d e r  t o  e l i c i t  t h e  

p roduc t ion  o f  h i g h l y  s p e c i f i c  a n t i b o d i e s ,  f o r  t h e  l a b e l i n g  o f  

a l d o s t e r o n e ,  as w e l l  as f o r  a d s o r p t i o n  of a l d o s t e r o n e  on t h e  

ELISA p la t e s .  

Conjugation with TG yielded a product containing an average 

of 44 aldosterone (Table 1) residues per protein molecule. This 

conjugate was in j ec t ed  i n t o  r abb i t s  i n  order t o  e l i c i t  production 

of a n t i b o d i e s .  The t i t e r  of a n t i b o d i e s  was determined by t h e  

ELISA assay using Aldo-CPA and/or Aldo-AP as shown i n  Fig. 1. A s  

can be deduced from t h e  t i t r a t i o n  c u r v e ,  50% b i n d i n g  occur s  a t  a 

d i l u t i o n  of 1:9000 f o r  Aldo-AP and 1:20.000 f o r  Aldo-CPA (Fig. 1). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
8
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



2 22 

TABLE A 

SCHWARTZ ET A L .  

C o m p a r i s o n  o f  t h e  s e n s i t i v i t y  o f  t h e  d i f f e r e n t  enzyme 
immunoassays f o r  determination of plasma aldosterone. 

A .  

Aldoster- Molecular Moles of Trans -  Detection Concentration 
one  we igh to f  A l d o s t e r -  fo rma t ion  l i m i t  o f  A l d o s t e r -  
con j u g a t e  t h e  one  p e r  number(+) pg one  which 

carrier mol of i n h i b i t s  50% 
(kD) pro te in  of binding 

* * 

pg/well 

Aldo-CPA 35 22 0.63 500 + / -  50 5000 +I- 50 

Aldo-TG 660 44 0.067 20 + / -  7 70 +/- 7 

Aldo- AP 116 7 0.060 2 +/ -0.2 20 + / -  2 

B. 

Anti- 
a ldos t -  
erone 

5 + / -  0.5 50 +/ -  5 

* Each f i g u r e  i n  the  t a b l e  represents  the  mean d a t a  obtained from 
f i v e  d i f f e r e n t  experiments with a standard devia t ion  varying 
between ‘+-la%. 

( + )  moles of aldosterone per k i loda l ton  of p ro te in  

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

a n t i b o d i e s  t o  a l d o s t e r o n e  was found t o  be  ~ x I o ~ - ~ M  (see Fig.  1 

i n s e r t ) .  The antibody t i t e r  obtained from these  t i t r a t i o n  curves 

was r e l a t i v e l y  high as compared t o  d a t a  reported i n  l i t e r a t u r e ,  

probably due t o  the  high content of a ldos te rone  molecules bound t o  
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ANTIBODY DILUTION (10-l) 

FIGURE 1 
Antibody d i l u t i o n  curves obtained with d i f f e r e n t  aldosterone-protein 
con juga te s  coa ted  on t h e  ELISA p l a t e s .  The c u r v e s  show t h e  
percentage of binding of decreasing concentrations of ant i -a ldosterone 
a n t i b o d i e s  t o  t h e  complexed a l d o s t e r o n e  ( B ) ,  r e l a t i v e  t o  t h e  
s a t u r a t i o n  v a l u e  (Bo) AP ( n o t  shown), TG and CPA were used f o r  
comparison as c o a t i n g  a n t i g e n s .  The amount of bound an t ibody  was 
f o l l o w e d  by d e t e r m i n a t i o n  o f  enzymic a c t i v i t y  of B - g a l a c t o s i d a s e  
1 abeled an t i - r abb i t  immunoglobulin. 

I n  the i n s e r t  of the Figure, the binding constant of anti-aldosterone 
t o  Aldo-CPA is  measured, based on the concentration of f r e e  antibody 
which binds 50% of the t o t a l  antigen. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
8
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



224 

TABLE 2 

SCHWARTZ ET AL. 

C r o s s - r e a c t i v i t y  o f  a n t i - a l d o s t e r o n e  a n t i b o d i e s  wi th  v a r i o u s  
s t e r o i d s  measured by radioimmunoassy. These d a t a  were o b t a i n e d  
from P r o f e s s o r  Vecse i ,  Department of Pharmacology, University of 
Heidelberg. FRG. 

Steroids  % Cross-react ivi t ies  
with anti-aldosterone 

Aldosterone 

5a-Dihydroaldosterone 

Tetrahydroaldosterone 

Corticosterone 

18-Hydroxycorticosterone 

Cort isol  

Progesterone 

100 

64.4 

4.6 

0.4 

0 

0 

0 

the  TG. CPA, AP and TG were used f o r  coating as negat ive control .  

Evaluation of the enzyme-immuno assays proposed i n  t h i s  paper f o r  

t h e  d e t e r m i n a t i o n  of plasma a l d o s t e r o n e  and aldosterone i t s e l f  

were characterized regarding s p e c i f i c i t y ,  s e n s i t i v i t y ,  p r e c i s i o n  

and accuracy. (17). Spec i f i c i ty  of the antiserum for  aldosterone 

was determined by measuring t h e  c r o s s - r e a c t i v i t y  w i t h  v a r i o u s  

s t e r o i d s  by R I A  a s say  and r e s u l t s  are p resen ted  i n  T a b l e  2. The 

cross-reaction with corticosterone. c o r t i s o l  and progesterone were 

below t h e  d e t e c t i o n  l i m i t  o f  t h e  a s s a y ,  s u g g e s t i n g  t h e  h igh  

s p e c i f i c i t y  of those antibodies t o  aldosterone, confirmed a l s o  by 

t h e  h i g h  b i n d i n g  c o n s t a n t s  of t h e  immuno complex ( - 1 0 + 9 M - 1 )  of  
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a l d o s t e r o n e  a n d  i t s  a n t i b o d i e s .  __________  S e n s i t i v i t x  o f  t h e s e  

immunoassays are eva lua ted  according t o  curve  s e n s i t i v i t y  which i s  

defined by de tec t ion  l i m i t  f o r  i d e n t i f i c a t i o n  of pure a n a l y t e  i n  

buffered s o l u t i o n s ,  whereas the  assay s e n s i t i v i t y  is defined by a 

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

p o s s i b l e  i n t e r f e r r i n g  components, bo th  s t e r o i d a l s  and non- 

s t e r o i d a l s .  I n  ex t r ac t ion  immunoassays, s o l v e n t  e x t r a c t i o n  may 

sometimes minimize t h i s  i n t e r f e rence  and provide a system i n  which 

o v e r a l l  s e n s i t i v i t y  and  c u r v e  s e n s i t i v i t y  do  n o t  d i f f e r  

s i g n i f i c a n t l y .  I n  a l l  the  experiments performed f r e e  a ldos te rone  

w a s  t r e a t e d  i n  t h e  same way as a l d o s t e r o n e  o f  human p la sma  t o  

avoid  t h i s  inconvenience. Another parameter used i n  t h i s  work t o  

cha rac t e r i ze  the  s e n s i t i v i t y  of t he  assay was the  concentration of 

a ldos te rone  t h a t  induced 50% competit ive i n h i b i t i o n  of binding a 

f i x e d  amount o f  a n t i b o d i e s  by a known amount of l a b e l e d  

aldos terone. 

D e t e r m i n a t i o n  o f  p l a s m a  a l d o s t e r o n e ,  as  w e l l  a s  t h e  

c a l i b r a t i o n  c u r v e s  o f  a l d o s t e r o n e  i t s e l f ,  i n  b u f f e r  a n d / o r  

ex t r ac t ed  i n  a similar way to  plasma a ldos te rone ,  was performed 

i n  two d i f f e r e n t  ways. I n  the  f i r s t  method the  c a l i b r a t i o n  curves  

o f  a l d o s t e r o n e ,  as  w e l l  as t h e  p l a s m a  a l d o s t e r o n e  t o  b e  

determined, were c a r r i e d  ou t  by competit ive assay with immobilized 

antigens.  Aldo-CPA (18 pg/ml), containing 22 moles a ldos te rone  

p e r  mole  of  p r o t e i n ,  adsorbed  on t h e  ELISA p l a t e s  was r e a c t e d  

wi th  a mix tu re  o f  unknown amounts o f  f r e e  p lasma a l d o s t e r o n e .  

preincubated with an t i -a ldos te rone  an t ibodies  and quant i ta ted  by 
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I I I I I I I I 

1000 
04 ' 
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ALDOSTERONE (pg/weJl) 

FIGURE 2 

A t y p i c a l  s t a n d a r d  c u r v e  f o r  t h e  d i sp lacemen t  o f  a l d o s t e r o n e  
a n t i b o d i e s  from immobilized a l d o s t e r o n e - p r o t e i n  c o n j u g a t e s  by 
d i f f e r e n t  amounts o f  a l d o s t e r o n e  i n  s o l u t i o n .  Plasma a l d o s t e r o n e  
d i l u t i o n s ,  as w e l l  as f r e e  aldosterone extracted i n  a s i m i l a r  way as  
plasma samples, are i n  good correlat ion.  The coeff ic ient  of va r i a t ion  
f o r  t h e  i m p o r t a n t  p o i n t s  o f  t h e  c u r v e  ( d e t e c t i o n  l i m i t  and 
concentration of aldosterone a t  50% inh ib i t i on )  are given i n  Table 3. 
The w e l l s  coa t ed  with t h e  Aldo-AP (200 ng/ml) (100 u l )  and t h e  
aldosterone antibodies d i l u t i o n  used was 1:9000. 

a d d i t i o n  of enzyme l a b e l e d  a n t i - r a b b i t  IgG. F i f t y  p e r c e n t  

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

aldosterone. The detect ion l i m i t  of aldosterone observed i n  t h i s  

system was 500 pg (see Table 1). The measurements of aldosterone 

concentration with another immobilized antigen, Aldo-TG (44 moles 

aldosterone per mol protein) (10 yg/ml), by using ant i - rabbi t  Ig 

a n t i b o d i e s  c o n j u g a t e s  with HRP, improved the s e n s i t i v i t y  of the 

assay. F i f t y  p e r c e n t  i n h i b i t i o n  occured a t  70 p g / w e l l  o f  
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aldosterone. The s e n s i t i v i t y  obtained by t h i s  assay i s  s u f f i c i e n t  

f o r  t h e  measurement o f  a l d o s t e r o n e  i n  body f l u i d .  The b e s t  

r e s u l t s  were o b t a i n e d  by c o a t i n g  wi th  Aldo-AP (0.2 n g / m l )  

c o n t a i n i n g  7 mole  of a l d o s t e r o n e / m o l  p r o t e i n  ( T a b l e  l a ,  F i g  2 ) ,  

fo l lowed by sequen t i a l  addi t ion  of f r e e  a ldos te rone  and/or plasma 

d i l u t i o n s  p rev ious ly  incubated with po lyc lona l  an t i -a ldos te rone .  

The r e s i d u a l  amount of a n t i b o d y  which remains  a f t e r  b i n d i n g  o f  

a ldos te rone  t o  be determined w a s  measured with commercial second 

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

s e n s i t i v i t y ,  a d e t e c t i o n  l i m i t  of  2 pg - and 50% c o m p e t i t i o n  

between the  free and bound a ldos te rone  on the  p l a t e  occured a t  20 

pg/well .  The r e s u l t s  are shown i n  Fig. 2 and summarized i n  Table  

l a .  

I n  a n o t h e r  t y p e  o f  a s s a y  t h e  a l d o s t e r o n e  c o n c e n t r a t i o n  was 

measured by coa t ing  with an t i -a ldos te rone  an t ibodies ,  fo l lowed by 

c o m p e t i t i o n  between a l d o s t e r o n e  t o  be measured and Aldo-AP 

c o n j u g a t e s  ( T a b l e  l b ) .  The enzymic a c t i v i t y  of  a l k a l i n e -  

phospha ta se  complex was found t o  b e  80% as compared w i t h  t h e  

a c t i v i t y  of t he  amount of n a t i v e  enzyme measured under same 

e x p e r i m e n t a l  c o n d i t i o n s .  By t h i s  method 50% i n h i b i t i o n  was 

obtained a t  50 pg/wel l  and the  de tec t ion  l i m i t  of a ldos te rone  was 

5 Pg. 

I n  a v a r i a n t  of t h i s  method, t h e  a c t i v i t y  of t h e  AP was 

de tec ted  not  on ly  through the  use of the  standard s u b s t r a t e  bu t  by 

t h e  u s e  of  an a m p l i f y i n g  c h a i n  o f  enzymes, as was p r e v i o u s l y  

d e s c r i b e d  by Johannsson  e t .  a l .  ( 1 4 )  (F ig .  3).  The u s e  o f  t h i s  
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FIGURE 3 

Determination of enzymatic a c t i v i t y  of Aldo-AP complex bound t o  anti- 
a ldos te rone  an t ibodies  measured by standard methods ( /i & ) and by 
a m p l i f i e d  enzymat i c  method (24% r- ). Enzyme a c t i v i t y  of a l k a l i n e  
phosphatase, determined by standard method, w a s  followed by inc rease  
i n  o p t i c a l  d e n s i t y  a t  405nm and t h e  a m p l i f i e d  enzymic method by 
increase  i n  o p t i c a l  dens i ty  a t  462nm ( f o r  d e t a i l s  see experiment). 

modification r e s u l t e d  i n  o v e r a l l  higher OD va lues ,  increas ing  the 

s e n s i t i v i t y  of t he  assay f o r  low concentrations of a ldos te rone .  

_________ P r e c i s i o n  - The p r e c i s i o n  of t h e  s t a n d a r d  c u r v e  o f  human p la sma  

a ldos te rone  and a ldos te rone  i t s e l f  are appreciated by in t ra -assay  

and in t e ra s say  c o e f f i c i e n t s  of v a r i a t i o n  and r e s u l t s  summarized i n  

Table 3. The standard dev ia t ion  of the  reading of t he  mid-point 

of t h e  s t a n d a r d  c u r v e  was +- 10%. Both d e v e l o p e d  a s s a y s  are 
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ENZYME-LINKED IMMUNOSORBENT ENZYMES 229 

TABLE 3 

The r ep roduc ib i l i t y  of the enzyme immunoassay f o r  determination of 
aldosterone. 

Coefficient of var i a t ion  $ 

Aldosterone Intra-assay 
(n = 5)  

Inter-assay 
(n = 5)  

20 pg/well 0.32 

2 pg/well 6.32 

0.04 

1.28 

s e n s i t i v e  enough for  the assay of plasma aldosterone l e v e l  and the 

r ep roduc ib i l i t i e s  adequate €or c l i n i c a l  assays. 

Accuracx of t h e  a s say  was checked by t h e  l i n e a r i t y  o f  d a t a  

obtained by assaying s e v e r a l  d i l u t i o n s  of sample containing known 

c o n c e n t r a t i o n s  o f  s t e r o i d ,  or  monitor ing t h e  r e c o v e r y  o f  known 

amounts of s t e r o i d  added t o  b i o l o g i c a l  samples.  F i v e - t e n  pg 

a l d o s t e r o n e  added t o  100 u l  of plasma o r  b u f f e r  i n c r e a s e d  t h e  

measured aldosterone content by 5-10 pg +/-  (0.5-1). Recovery of 

aldosterone is  quantat ive,  indicat ing t h a t  i n  normal conditions no 

interference of o the r  components with anti-aldosterone occured. 

DISCUSSION 

Many inves t iga to r s  have been turning t o  enzyme immunoassay 

t o  r ep lace  radioimmunoassay s ince i t  frees them from the  problems 
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and h a z a r d s  o f  h a n d l i n g  r a d i o i s o t o p e s  and t h e  n e c e s s i t y  f o r  

e x p e n s i v e  c o u n t i n g  i n s t r u m e n t s .  S e v e r a l  such  a s s a y s  h a v e  been  

developed f o r  var ious  s t e r o i d s  and r e c e n t l y  f o r  a ldos te rone  (7-9). 

An e v a l u a t i o n  of s e n s i t i v i t y  of var ious  ELISA determinations on 

p lasma a l d o s t e r o n e ,  w i t h  r e g a r d  t o  d e t e c t i o n  l i m i t  and i t s  

concentration i n  b i o l o g i c a l  f l u i d s  t h a t  i nduce  50% c o m p e t i t i v e  

b i n d i n g  i n h i b i t i o n  o f  a f i x e d  amount o f  a n t i b o d i e s  by a known 

amount of l a b e l e d  a ldos te rone ,  as w e l l  as s p e c i f i c i t y ,  p rec is ion  

and accu racy  of t h e  a s s a y s ,  are d i s c u s s e d .  Comparison o f  t h e  

r e c o r d s  o b t a i n e d  i n  e a c h  ELISA u s i n g  immobi l ized  a l d o s t e r o n e  

complexed with var ious  p ro te ins  (CPA, AP. TG) ind ica ted  t h a t  t he  

t r a n s f o r m a t i o n  number ( t h e  number o f  a l d o s t e r o n e  r e s i d u e s  p e r  

k i l o d a l t o n  of p ro te in )  seems t o  determine the  s e n s i t i v i t y  of t he  

a s say .  Apparen t ly ,  low d e n s i t y  o f  a l d o s t e r o n e  on t h e  p r o t e i n  

carrier y i e l d s  a more s e n s i t i v e  assay. Presumably t h i s  conclusion 

can be argued as follows: Each antibody molecule has two binding 

s i tes  € o r  i t s  a n t i g e n .  When exposed t o  a p r o t e i n  a l d o s t e r o n e  

c o n  j u g a t e  c o n t a i n i n g  many a l d o s t e r o n e  r e s i d u e s  ( h i g h  

transformation number) t he  an t i -a ldos te rone  antibody would bind t o  

t h e  c o n j u g a t e  v i a  b o t h  i t s  b i n d i n g  s i tes  and t h e r e f o r e  w i t h  a 

higher apparent binding a f f i n i t y  t o  the  conjugate than t o  the  f r e e  

d i l u t e d  a l d o s t e r o n e d  s o l u t i o n s .  T h i s  would r e s u l t  i n  l o w e r  

s e n s i t i v i t y  measurements of f r e e  aldosterone. When exposed t o  a 

conjugate with low transformation number, ( i d e a l l y  one a ldos te rone  

m o l e c u l e  p e r  p r o t e i n )  o n l y  one  o f  t h e  b i n d i n g  si tes o f  t h e  

antibody would bind t o  the  conjugate and under such conditions the  
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ENZYME-LINKED IMMUNOSORBENT ENZYMES 231 

a f f i n i t y  of  t h e  ant ibody f o r  t h e  con juga te  shou ld  be s i m i l a r  t o  

the a f f i n i t y  of the antibody f o r  the f r e e  aldosterone, r e s u l t i n g  

i n  higher detect ion s e n s i t i v i t y  of f r e e  aldosterone. 

The production of anti-aldosterone antibodies using Aldo-TG 

complex containing 44 moles of aldosterone per mole of protein as 

on immunogen was a good c h o i c e  w i t h  r e s p e c t  t o  t h e  h i g h  

s p e c i f i c i t y  and a f f i n i t y  of the antibodies. However, f o r  coating 

t h e  ELISA p l a t e ,  Aldo-AP complex c o n t a i n i n g  o n l y  7 moles 

aldosterone per mole of protein increased a t  l e a s t  ten times the 

s e n s i t i v i t y  of the assay as compared with da t a  obtained with Aldo- 

TG o r  Aldo-CPA. 

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

immobilized antigen (Aldo-protein complexes) o r  immobilized an t i -  

a l d o s t e r o n e  a n t i b o d i e s ,  posses s  high s e n s i t i v i t y ,  as  mentioned 

f o r  R I A  (3-6) ,  and posses s  a l l  t h e  advantages of ELISA a s s a y s ,  

such as simple non-hazardous mater ia ls  and reproducibi l i ty .  The 

normal range of  plasma a l d o s t e r o n e ,  which v a r i e d  between 18-79 

pg/ml (1). a s  w e l l  a s  the e l eva ted  values  observed a f t e r  hormone 

s t imulat ion associated with pathological s t a t e s ,  can be measured 

at  high accuracy by both methods. 

A comparison between t h e  two as says  proposed i n  t h i s  paper  

showed t h a t  they d i f f e r  p r i m a r i l y  i n  t h e  n a t u r e  of t h e  r e a g e n t s  

used, which make the f i r s t  type of assay more convenient. In  t h i s  

a s say  (wi th  immobilized a n t i g e n )  o n l y  one type  of a l d o s t e r o n e  

p r o t e i n  con juga te  needs t o  be prepared.  I n  p r i n c i p l e ,  t h e  same 

conjugate can be used fo r  both immunization of the r abb i t s  and fo r  
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232 SCHWARTZ ET AL. 

runn ing  t h e  assay .  The b i o l o g i c a l  a c t i v i t y  o f  t h e  c o n j u g a t e d  

p r o t e i n  i s  of no impor tance  and c o n j u g a t e s  wi th  h igh  and low 

t r a n s f o r m a t i o n  number may be  e a s i l y  p repa red ,  and t h e  r a b b i t  

antiserum used as a second antibody is a commercial preparation. 

Moreover t h e  na ture  o f  the  second antibody may be e a s i l y  changed 

and d i f f e r e n t  methods f o r  s i g n a l  ampl i f ica t ion  compared e.g. t he  

u s e  o f  t h e  a v i d i n  b i o t i n  system. The second t y p e  o f  a s s a y  ( w i t h  

immobilized antibody) is more d i f f i c u l t  t o  set up. Two conjugates 

are needed, one with high transformation number f o r  immunization, 

and a n o t h e r  w i t h  low t r a n s f o r m a t i o n  number f o r  t e s t i n g .  The 

p r o t e i n  used  f o r  t e s t i n g  h a s  t o  be  an enzyme and i ts  enzymat i c  

a c t i v i t y  has t o  be re ta ined  a f t e r  conjugation. The antibody used 

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

Altogether,  t h i s  comparison i n d i c a t e s  t h a t  t he  f i r s t  type of assay  

i s  f a r  easier t o  se t  up and i s  a l s o  easier t o  m a n i p u l a t e  and 

improve. 
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