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POST-COLUMN REACTION DETECTION SYSTEMS IN HPLC 

S j .  van der Wal 

Technicon Instruments Corporation 
511 Benedict Ave. 

Tarrytown, N Y  10591 

ABSTRACT 

Designs of post-column reaction de tec t ion  systems f o r  HPLC 

The most promising 
a r e  discussed w i t h  respect t o  t h e i r  e f f e c t  on s e n s i t i v i t y  and 
reso lu t ion  on the basis o f  systems theory. 
post-column reac to r  types a r e  the  packed-bed reac tor  and the  
e l ec t ron ica l ly  desegmented l'iquid-segmented reac tor .  
imental data on the  l a t t e r  a r e  ava i l ab le ,  however. 

influenced by the  reaction type. 
types w i t h  suggested systems a r e  given. 

plasma, a comparison i s  made of the  d i f f e r e n t  de tec t ion  possi-  
b i l  i t i e s .  

No exper- 

An overview of these reaction 
The choice of post-column reaction de tec to r  system i s  g rea t ly  

For two examples, co r t i co r s t e ro ids  and catecholamines i n  

INTRODUCTION 

The use of on-line post-column reac t ions  f o r  s p e c i f i c  and 
s e n s i t i v e  detection a f t e r  separation i s  increasing t o  develop HPLC 
i n to  a n  even more powerful ana ly t ica l  t oo l .  Der iva t i sa t ion  should 
be considered i f  just separation and de tec t ion  of na t ive  compounds 
will  not su f f i ce  due to  low signal t o  noise r a t i o  o r  i n t e r f e r ing  
peaks. 
reaction giving s t a b l e  and s ing le  well-defined reac t ion  products 

Pre-column de r iva t i s a t ion  requi res  a neat quan t i t a t ive  
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38 VAN DER WAL 

u n l i k e  post-column d e r i v a t i s a t i o n  where n o t  even a knowledge o f  

t h e  n a t u r e  o f  t h e  p roduc ts  i s  e s s e n t i a l  (',') as l o n g  as t h e  

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

de tec ted  p r o p e r t y  o f  t h e  reagen t  and p r o d u c t ( s )  (un less  an 

e x t r a c t i o n  i s  i n c o r p o r a t e d ) .  

o f f - l i n e  ( n o t  keeping pace w i t h  t h e  HPLC s e p a r a t i o n )  o r  on- 

l i n e ,  and batch-wise o r  cont inuous.  Pre-column d e r i v a t i s a t i o n  

i s  u s u a l l y  performed batch-wise,  because t h e r e  i s  o n l y  one 

sample pe r  chromatogram, and o f f - l i n e  s i n c e  o f f - l i n e  reac -  

t i o n  i s  s u b j e c t  t o  l e s s  t ime  and s o l v e n t  c o n s t r a i n t s .  Fo r  

post-column d e r i v a t i s a t i o n  o n l y  a f r a c t i o n  s i z e  o f  one t e n t h  

o f  t h e  peak volume o r l e s s  causes min imal  i n f o r m a t i o n  l o s s  . 
so, most o f t e n  cont inuous r e a c t i o n ,  which i s  c o n v e n i e n t l y  done 

i n  an o n - l i n e  mode and i s  e a s i l y  automated f o r  r o u t i n e  analyses,  

i s  chosen. The c h o i c e  f o r  o f f - l i n e  ba tch -w ise  pre-column o r  

automated o n - l i n e  cont inuous post-column d e r i v a t i s a t i o n  w i l l  be 

determined by t h e  s p e c i f i c s  o f  each case. 

React ions can be per formed 

( 3 )  

REACTOR DESIGN 

The l a t e s t  HPLC column techno logy  imposes demands on t h e  

des ign  of post-column r e a c t o r s  (PCR's) w i t h  r e s p e c t  t o  d i s -  

p e r s i o n  c h a r a c t e r i s t i c s .  

The i n f l u e n c e  o f  t h e  PCR f o r  a homogeneous r e a c t i o n  and 

a c o n c e n t r a t i o n  s e n s i t i v e  d e t e c t o r  on s e n s i t i v i t y  f o r  a com- 

ponent i n  

I 
p m =  

i n  which: 

IS 

t h e  sample i s  g i v e n  by:  

. 4  Vi EM tRC Fc .4 V i  EM - ( 1  1 AL( l  i- k'(Gticd i- GttpcR)FpcR (dticd ' GtPCR) FpCR 

I = s i g n a l  h e i g h t  a t  peakmaximum i n  t o t a l  system 

I, 
Vi = i n j e c t i o n  volume 

EM 

tRc = 

Fc 

Pm 
= s i g n a l  h i g h t  f o r  component i n  sample 

= enhancement o f  s i g n a l  due t o  d e r i v a t i s a t i o n  

r e t e n t i o n  t i m e  on t h e  column 

= f l ow  r a t e  th rough  t h e  column 
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POST-COLUMN REACTION DETECTION SYSTEMS 39 

A = c r o s s - s e c t i o n a l  area o f  t h e  column occup ied  

by mob i l e  phase 

L = l e n g t h  o f  t h e  column 

k '  

%cd PCR 

BtPCR 

FPCR= f l o w r a t e  o f  e l u e n t  p l u s  reagents th rough  PCR 

The r e s o l u t i o n  i n  t h e  complete system f o r  two a d j a c e n t  peaks, 

= c a p a c i t y  f a c t o r  o f  t h e  component i n  t h e  system 

= d i s p e r s i o n  i n  t h e  chromatographic  system w i t h o u t  

= d i s p e r s i o n  i n  PCR 

( e x c l u d i n g  segmentat ion f l u i d )  

Ra, decreases r e l a t i v e  t o  t h e  r e s o l u t i o n  i n  t h e  chromatograph w i t h -  

o u t  PCR,Rc: 

Ra = 

From equa t ion  (1 )  and ( 2 )  i t  can be deduced t h a t  t h e  s e n s i t i v i t y  

and (even more) t h e  r e s o l u t i o n  w i l l  be impa i red  i f  t h e  despers ion  

i n  t h e  PCR approaches t h e  d i s p e r s i o n  i n  t h e  r e s t  of t h e  system- 

wh ich  f o r  a w e l l  designed HPLC system equals  t h e  peak d i s p e r s i o n  

i n  t h e  column (see below).  

Accord ing t o  systems t h e o r y  t h e  v a r i a n c e  o f  t h e  d i s p e r s i o n  

i n  t h e  t o t a l  system i s  t h e  sum o f  t h e  va r iances  o f  t h e  independent 

d i s p e r s i o n s  i n  t h e  p a r t s .  The p a r t s  t h a t  can cause d i s p e r s i o n  a r e  

i d e n t i f i e d  i n  f i g  1. 

The d i s p e r s i o n  due t o  i n j e c t i o n ,  dti, i s  f o r  a good i n j e c t o r  

l e s s  than  t h e  d u r a t i o n  o f  t h e  i n j e c t i o n .  

l o n g e r  than  a second t h e  d i s p e r s i o n  can u s u a l l y  be reduced by on- 

column c o n c e n t r a t i o n  so t h a t  dt 4 1s. 

F o r  i n j e c t i o n  t imes 
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FIGURE 1 

The  v a r i a n c e  o f  t h e  p e a k d i s p e r s i o n  i n  t h e  s y s t e m  i s  
t h e  sum o f  t h e  v a r i a n c e s  d u e  t o  t h e  c o n s e c u t i v e  f u n c t i o n a l  
u n i t s .  

The d i s p e r s i o n  i n  a modern UV o r  f l u o r i m e t r i c  d e t e c t o r  i s  

l e s s  than  100 ms,  b u t  i n  ( d i f f u s i o n  l i m i t e d )  e l e c t r o c h e m i c a l  

d e t e c t i o n  g e n e r a l l y  l a r g e r  than  1s. 

min. t h e  column peakbroadening i s  BtC = 3.3-11 s ,  t hus :  

Fo r  3000 t h e o r e t i c a l  p l a t e s  and a r e t e n t i o n  t i m e  of  3-10 

Bticd C C 
( 3 )  
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POST-COLUMN REACTION DETECTION SYSTEIfS 41 

I n  most PCR's reagent  i s  added and mixed w i t h  column e f f l u e n t .  

P r o p o r t i o n i n g  can be done v i a  a t e e  and shou ld  n o t  c o n t r i b u t e  

t o  o v e r a l l  d i s p e r s i o n .  Improper p r o p o r t i o n i n g ,  however, i s  a 

source o f  no i se ,  d r i f t  o r  v a r i a b l e  response. 

i s  capable o f  a c t i n g  as a m i x e r  ( 4 ) ;  a r o t a t i n g  f l o w  m i x i n g  

chamber ( 5 )  and a s t i r r e d  m i x i n g  chamber (6) were documented 

t o  g i v e  b e t t e r  m ix ing .  If t h e i r  volume i s  reduced t o  l e s s  than  

a few m i c r o l i t e r  these m ixe rs  shou ld  show accep tab le  d i s p e r s i o n  

(a c o n i c a l  Kobayashi-type m i x e r  i s  p r e s e n t l y  used i n  a commerc. 

PCR) .  

packed-bed (pb)  m ixe rs  ( 7 y 8 ) .  
L,, i s  g i v e n  by  (8) : 

A t e e  w i t h  30' ang le  

The most f a v o r a b l e  m i x i n g  and d i s p e r s i o n  a r e  o b t a i n e d  i n  

The minimum l e n g t h  f o r  a pb m ixe r ,  

L,=10 d 2 /d  
t P  

i n  which:  dt = i n s i d e  d iameter  o f  t h e  m i x e r  

d = p a r t i c l e  d iamete r  
P 

e.g. a 10x3 mm tube  packed w i t h  100 Fm g l a s s  beads w i l l  g i v e  

adequate m i x i n g  and a ( l o n g i t u d i n a l )  peakd ispe rs ion  o f  l e s s  than  

.1 s ( a t  .1 ml /min f l o w r a t e ) .  

Segmentation may be i n t r o d u c e d  a t  t h e  reagen t  t e e  and hence 

will n o t  c o n t r i b u t e  t o  d i s p e r s i o n .  

So, t h e  t o t a l  peakd ispe rs ion  i n  t h e  PCR s i m p l i f i e s  t o :  

There a r e  t h r e e  types o f  PCR des ign :  t h e  c a p i l l a r y  ( cap ) ,  t h e  

pb and t h e  segmented f l o w  ( s f )  r e a c t o r  (see f i g .  2 ) .  
i n  t h e  r e a c t o r  p roper  f o r  cap r e a c t o r s  can be d e s c r i b e d  by 

D i s p e r s i o n  
( 8 ) .  . 
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Column \ Detector 
Reagent 

Fluid-Segmentation Waste 

C 4 4 -  
L 

D 

Air R 

FIGURE 2 

P o s t - c o l u m n  r e a c t i o n  d e t e c t o r  d e s i g n s .  

a c a p i l l a r y  P C R  

b p a c k e d - b e d  P C R  

c s e g m e n t e d  f l o w  P C R  

q = dynamic v i s c o s i t y  o f  t h e  r e a c t i o n  s o l v e n t  

Dm = 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  a n a l y t e  

b p  = p ressu re  drop  over  t h e  r e a c t o r  
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POST-COLUMN REACTION DETECTION SYSTEMS 43 

t R  = r e a c t i o n  t i m e  

dc 
p 

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

Fo r  pb r e a c t o r s  o f  non-porous pack ing  m a t e r i a l  t h e  d i s p e r s i o n  
i s  (8 ) .  . 

q1 j2  3/2 
(6) 

2 dtR = 40 h ~ 1 /2 tR 

if loo 'i and d D,/u. 
P 

i n  which:  = d i s p e r s i o n  f a c t o r ;  h = 3  f o r  a w e l l  packed r e a c t o r  

= c r o s s - s e c t i o n a l  area o f  t h e  r e a c t o r  A, 
u = l i n e a r  v e l o c i t y  i n  t h e  r e a c t o r  

A semi e m p i r i c a l  equa t ion  was d e r i v e d  f o r  s f  r e a c t o r s  i n  which 

a gas i s  used f o r  segmentation (10). . 

= s u r f a c e  t e n s i o n  

= mass t r a n s f e r  c o e f f i c i e n t = 4 x 1 0 - ~  '1 
n = segmentation f requency 

D~C, 
-1.67 

Dm 

U n f o r t u n a t e l y  a l i k e  equa t ion  has n o t  been d e r i v e d  y e t  f o r  
s o l v e n t  segmented r e a c t o r s .  

Us ing equa t ions  5,  6 and 7 a good i d e a  o f  t h e  r e l a t i v e  

performance o f  t h e  r e p e c t i v e  t ypes  o f  r e a c t o r s  i s  ob ta ined .  
Examples a r e  g i v e n  i n  f i g  3, showing t h e  d i s p e r s i o n  as a 
f u n c t i o n  o f  r e a c t i o n  t i m e  a t  seve ra l  f l o w r a t e s  and a wide 

range o f  o t h e r  exper imenta l  c o n d i t i o n s .  

phase s e p a r a t i o n )  i n  s f  r e a c t o r s  shou ld  be taken  i n t o  account  

The peakd ispe rs ion  due t o  desegmentation (debubbl i n g  o r  
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44 VAN DER WAL 

0.1 
0.2 0.5 1.0 2 5 10 
tRlminl - 

FIGURE 3 

The  p e a k d i s p e r s i o n  i n  p a c k e d - b e d ( - - - - ) , c a p i l l a r y ( - -  ) Y  

a n d  s e g m e n t e d - f l o w (  -*-) r e a c t o r s .  
E x p e r i m e n t a l  c o n d i t i o n s :  

A p d l O O  b a r ;  dt>/ 0 . 0 1  c m ( c a p , p b ) o r  0 . 0 5 5 d t , ( 0 . 4 ( s f ) ;  
dc/dt.5; d P '  ) 5 j ~ m ; K ~ = 2 . 1 0 - ~ ; ~ = 0 . 4 ; h = 3 ;  n 4 ' 5 .  

A B C 

~ ~ ( ~ 1 0 ~  c m / s )  0 . 3  0 . 3  3 

'1 ( x 1 0 0  g / c m . s )  1 . 5  0 . 4  0 . 4  
p( g / c m 3 )  0 . 8  1 . 4  0 . 8  

The  n u m b e r s  n e x t  t o  t h e  c u r v e s  g a v e  t h e  r e s p e c t i v e  
P C R  f l o w r a t e s  ( i n  m l / m i n ) .  

when comparing PCR's (see eq. 4). 
peakd ispe rs ion  i n  s o l v e n t  segmented r e a c t o s  may be caused 

m a i n l y  by  ( p h y s i c a l )  desegmentation (ll). Over a l i m i t e d  
o f  f l o w r a t e s :  dv,ds = 12 2 1 y1  f o r  a m i n i a t u r i z e d  phase 
separa to r .  

Recen t l y  i t  was found 

T h i s  was conf i rmed f o r  gas desegmentation (12 

h a t  

range 
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POST-COLUMN REACTION DETECTION SYSTEMS 45 

5 10 
0.ld-- 1 

0.2 0.5 1.0 2 
tRlminl -4 

0.1 
0.2 0.5 1.0 2 5 10 
tRlrninl - 

FIGURE 3B&C 

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

Segment volumes o f  ca 1 p l  seem w i t h i n  t h e  c a p a b i l i t i e s  
t h e  d e t e c t o r  i n  o r d e r  t o  measure o n l y  t h e  segments o f  i n t e r e s t  
(13y14) .  

of  p r e s e n t  equipment. 
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46 VAN DER WAL 

COMPARISON 

Pb PCR’s g i v e  l e s s  d i s p e r s i o n  than  cap o r  s f  PCR’s a t  h i g h  

f l o w r a t e s  and v i s c o s i t i e s  o f  t h e  r e a c t i o n  s o l v e n t  ( c . f .  f i g  3) .  

The o n l y  pb PCR’s demonstrated (8’13), however, were n o t  s u i t a b l e  

f o r  aggress ive s o l v e n t s  (e.g. extreme pH). 

Cap r e a c t o r s  a r e  commerc ia l ly  a v a i l a b l e  and s i m p l e r  t han  pb 

r e a c t o r s .  

i ssue  ( i . e .  f o r  s h o r t  r e a c t i o n  t i m e s ) .  

except  f o r  ve ry  s h o r t  r e a c t i o n  t imes ((30 s )  when p h y s i c a l  de- 

segmentation i s  a p p l i e d  (broken l i n e s  i n  f i g s  3 ) .  

r e a c t o r s  should be p r e f e r r e d  even ove r  pb r e a c t o r s  f o r  t h e i r  

commercial a v a i l a b i l i t y  and v e r s a t i l i t y .  

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

(16)(see f i g  4 ) .  A p a r t  o f  t h e  chromatogram can be s t o r e d  i n  each 

They shou ld  o n l y  be used when d i s p e r s i o n  i s  n o t  an 

S f  r e a c t o r s  show b e t t e r  d i s p e r s i o n  performance than  cap PCR’s 

A t  r e a c t i o n  t imes  l a r g e r  t h a n  120 s and low  v i s c o s i t y  s f  

A way o f  i n c r e a s i n g  r e a c t i o n  t i m e  w i t h o u t  a p p r e c i a b l e  peak 

Reagent 
Air 

Valve 

Coil No.1 
Column 

Detector 

Coil No. 2 LI 

c m Coil No. n 

FIGURE 4 

PCR f o r  e x t e n d e d  t i m e  a n d / o r  m u l t i p l e  r e a c t i o n s .  
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POST-COLUMN REACTION DETECTION SYSTEMS 47 

reac tor  via a switching valve,  increasing the  reaction time. This 
method proposed f o r  s f  b u t  should a l so  work f o r  pb reac tors  ( 1 7 )  . 

Flow-split t ing to  obtain a low flowrate and increased reac t ion  
time without changing the volume of the  reac tor  chould be used too, 
b u t  w i t h  a loss i n  s e n s i t i v i t y  proportional t o  the  s p l i t  r a t i o .  

The v e r s a t i l i t y  of s f  and pb reac tors  can be seen c l ea r ly  
except f o r  extended reaction times t h i s  PCR can a l s o  in f i g  4: 

be used t o  apply d i f f e ren t  reac t ions  w i t h  multiple reactiontimes 
t o  consecutive pa r t s  of the  chromatogram without s a c r i f i c i n g  re -  
sol u t i  on. 

REACTION TYPES 

Speci f ic  reactions f o r  post-column de r iva t i s a t ion  have been 
extensively reviewed (18' and wi l l  not be summarized here. 
General PCR considerations w i t h  respec t  t o  reaction conditions 
a re  : 
1.  

2. 

A high reagent concentration i s  needed t o  keep the  d i l u t i o n  
f a c t o r  and the  reaction time as small a s  possible.  
Since the reaction r a t e  increases usually 2-3 fold per 10°C, 
the highest reactiontemperature t h a t  the so lvents  permit 
wi l l  be used unless the ana ly tes  o r  products a r e  unstable 
o r  s ide  reactions a re  l imi t ing .  
The reaction solvent should have a high boiling po in t ,  low 
v iscos i ty  and should not slow the  reaction o r  quench the 
signal of the  product. Impurit ies in the solvent a r e  known 
t o  determine the detection l i m i t  i n  f luormetric de tec t ion .  

3 .  

Most applied de r iva t i s a t ions  a r e  homogeneous (pseudo) 
f i r s t  order reac t ions .  
chromophore (20), fluorophore(21 I ,  electrochemically ac t ive  
compound (22), luminescence o r  p rec ip i t a t ion .  

e.g.  carboxylic ac ids  w i t h  nitrophenol o r  phenols and carbo- 
hydrates w i t h  Ce, wi l l  l i k e l y  lose  importance t o  electro-chemical 
de tec t ion .  In the  case of th ior idaz ines  the  analyte products a r e  

They can be performed t o  c r e a t e  e.g. a 

Post-column redox reactions based on a n  ind ica tor  technic 
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48 VAN DER WAL 

s p e c i f i c a l l y  d e t e c t e d  and n o t  t h e  reagen t  p roduc ts ,  g i v i n g  
a d d i t i o n a l  s e l e c t i v i t y  n o t  matched by e l e c t r o c h e m i c a l  d e t e c t i o n  ( 2 3 )  . 

E f f i c i e n t  chemiluminescence can be o b t a i n e d  i n  s e v e r a l  ways 
(see f i g u r e  5 ) :  
1 .  When a r e a c t i o n  can be made t o  produce a l u m i n o l  o x i d a n t  l i k e  

2. 
H202. 
When a f l u o r o p h o r e  can be produced t h a t  r e a c t s  i n  h i g h  y i e l d  

w i t h  peroxyoxal  a te .  

When a me ta l  i o n  i s  generated t h a t  c a t a l i z e s  t h e  r e a c t i o n  3. 
o f  l um ino l  w i th  H202 (e.g. d e t e c t i o n  l i m i t  CoII: 10 pg  ( 2 4 ) ) .  

A post-column p r e c i p i t a t i o n  r e a c t i o n  w i t h  nephe lomet r i c  

d e t e c t i o n  has been used w i t h  t r i g l y c e r i d e s  by  changing t h e  p o l a r i t y  

o f  t he  mob i l e  phase by  a d d i t i o n  o f  ammonium s u l f a t e  (25) .  The 

s p e c i f i c i t y ,  s e n s i t i v i t y  and l i n e a r i t y  o f  t h i s  method i s  l i k e l y  

much b e t t e r  when a r e a l  r e a c t i o n  w i t h  f o r m a t i o n  o f  an i n s o l u b l e  
p r o d u c t  i s  performed (25 )  . 

i n  t h e  form o f  h e a t  o r  photons o r  t h e  permanent presence o f  a 

Some r e a c t i o n s  do n o t  even need a d d i t i o n  o f  reagen ts .  Energy 

M n +  
a o x i d a n t  + l u m i n o l  = = +  l u m i n e s c e n c e  

b H202  + T C P O  = = = $  p e r o x y o x a l a t e  

p e r o x y o x a l a t e  + f u o r o p h o r e  = = = >  l u m i n e s c e n c e  

o x i d a n t  = H 2 0 2 , 0 C 1 - , 1 2 . M n 0 ~  
l u m i n o l  = 5 - a m i n o - Z , 3 d i  h y d r o p h t a l  azine-1 , 4 d i  one  

TCPO = b i s - t r i c h l o r o p h e n y l o x a l a t e  

f l u o r o p h o r e :  e . g .  p e r y l e n e  

FIGURE 5 

C h e m i l u m i n e s c e n c e  r e a c t i o n s  
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POST-COLUMN REACTION DETECTION SYSTEMS 49 

c a t a l y s t  i n  t h e  r e a c t o r  may be s u f f i c i e n t .  

i n  which t h e  reagen t  i s  immob i l i zed  i n  a r e a c t o r  have a d e f i n i t e  

drawback: depending on t h e  a n a l y t e  t o  immob i l i zed  r e a g e n t  r a t i o  

t h e  reagent  i s  d e p l e t e d  w i t h  t i m e  and t h e  r e a c t o r  w i l l  have t o  be 

r e 1  oaded. 

Photochemical r e a c t i o n  was a p p l i e d  f o r  i nc rease  as w e l l  as 
e x t i n c t i o n  o f  s i g n a l  i n  a UV d e t e c t o r  ( 2 6 ) y  f l u o r i m e t e r  (26,27,28) 

and c o n d u c t i v i t y  d e t e c t o r  (") w i t h  d i f f e r e n t i a l  d e t e c t i o n  t o  

enhance s e l e c t i v i t y  and s e n s i t i v i t y .  A l though t h e  a p p l i c a t i o n  

o f  q u a r t z  o r  t e f l o n  pb r e a c t o r s  f o r  photochemical r e a c t i o n  may 

be f e a s i b l e  ( 2 8 ) y  i t  has n o t  y e t  been demonstrated. A c l a s s  

o f  c a t a l y t i c  PCR's o f  growing impor tance i s  enzymatic r e a c t o r s ,  

Whi le  t h e i r  s e l e c t i v i t y  makes them a t t r a c t i v e ,  temperature,  pH 

and i n h i b i t o r / a c t i v i t o r  s e n s i t i v i t y  a r e  n o t  f a v o r a b l e .  

enzyme 

resp.  s l i g h t l y  above and a t  t h e  i n  v i v o  temperature and pH. 

Organic  s o l v e n t s  l i k e  those used i n  HPLC t e n d  t o  decrease 

t h e  enzymatic a c t i v i t y .  

and l i m i t s  s e n s i t i v i t y  and l i n e a r i t y  f o r  p H - i n d i c a t o r  a ided  
d e t e c t i o n  o f  ox idoreductases (30) 

The r a t e  o f  p r o d u c t  f o r m a t i o n  i s  g i v e n  by: 

S o l i d  phase r e a c t o r s ,  

Most 

c a t a l y s e d  r e a c t i o n s  have a temperature and pH otimum 

The pH optimum n e c c e s s i t a t e s  b u f f e r i n g  

O f ten  enzymatic r e a c t i o n s  obey Michael  is-Menton k i n e t i c s .  

i n  which:  k = s p e c i f i c  a c t i v i t y  

[ P I  = p r o d u c t  c o n c e n t r a t i o n  

[Eo]  = enzyme c o n c e n t r a t i o n  
[S]  = s u b s t r a t e  c o n c e n t r a t i o n  

K, = M i c h a e l i s  c o n s t a n t  

Two t ypes  of enzymatic r e a c t o r s  e x i s t  f o r :  

Enzyme A n a l y s i s  

E s s e n t i a l  i s  t h a t  t h e  PCR does n o t  adsorb t h e  a n a l y t e s .  

enzyme d e t e c t i o n  t h e  s u b s t r a t e  ( reagen t )  c o n c e n t r a t i o n  w i l l  

Fo r  
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VAN DER W A L  50  

be as h i g h  a s  possible:  [S]>) K,, so 

t R  = [ P I /  k .  CEO] ( 9 )  

According the eq. 9 the de tec t ion  l i m i t  i s  proportional t o  
the reaction time. For example, LDH isoenzymes ( k ) l O O  s -’)  
can be determined w i t h  NAD a s  subs t r a t e  and UV detec t ion  with 
a detection l imi t  of l e s s  than 1 nM per second of reaction 
time. 
residues by t h e i r  chol ines te rase  inh ib i t ing  e f f e c t  (31) . 

Substrate Analysis 

Another appl ica t ion  i s  the  measurement of i n sec t i c ide  

The pr ice  o f  enzymes and s impl ic i ty  of design make i t  
des i rab le  t o  immobilize enzymes i n  the reac tor .  The s t a b i l i t y  
of these  reac tors  i s  good ( “ l i f e t i m e “  l a rge r  than f i f t y  days) 
b u t  the  bound enzymes have usually much l e s s  a c t i v i t y  and a 
la rger  K,,, than the f r e e  enzyme. K$[S] then from eq 8: When 

For shor t  reaction times a high enzyme concentration i s  re- 
quired,  therefore ,  pb reac tors  a r e  preferred over cap reac tors  by 
v i r tue  of t h e i r  l a rge r  surface a rea .  
have been detected by 3-hydroxysteroiddehydrogenase w i t h  tR ( 6  s 
and a detection l i m i t  of 10 n g ( 3 2 )  ( see  f i g  6 ) .  

The s f  reac tor  i s  the  only P C R  t ha t  employes multi (mobile) 
phases. This has been successfu l ly  u t i l i z e d  in the ex t rac t ion  
of ion-pair  complexes (33) and f o r  separation of reagents and 
products (34). The phase r a t i o  and composition of the  phases 
have t o  be carefu l ly  optimized. The d i s t r i b u t i o n  of so lvents  
of intermediate po la r i ty  (e .g .  the  organic modifier in reverse 
phase separa t ions)  over the  phases is of ten  problematic. 
combination of neat aqueous mobile phases and polar bonded 

For example, b i l e  ac ids  

The  

s t a t iona ry  phases in HPLC may o f f e r  a so lu t ion  (35) . 
An important aspect of the multi phase reac tor  i s  t h a t  

reactions can be performed in l i qu id  bubbles interspaced by an 
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0 10 20 30 40 

F I G U R E  6 

Analysis of bile acid standards. 
Identity of the peaks:l ursodeoxyC;2 C;3 glycoursodeoxyC; 
4 glycoC;5 tauroC;6 chenodeoxyc; 7 deoxyC;8 glycocheno- 
deoxyC;9 glycodeoxyC, taurochenodeoxyC;lO taurodeoxyC;ll 
lithoC;12 glycolithoC;13 taurolithoc. C=cholic acid. 
(From ref. 32, reproduced with permission of The Chemical 
Society of Japan.) 

i m m i s c i b l e  s o l v e n t - t h a t  may c o n t a i n  reagen t  o r  n o t - w e t t i n g  t h e  

tube  w a l l .  

m a t e r i a l  i s  p r e v e n t e d a n d d i s p e r s i o n  shou ld  be min imized.  

HPLC w i t h  mass spec t romet ry  v i a  i o n - p a i r  e x t r a c t i o n  ( 3 6 ’ ,  w i t h  

I n  t h i s  case a d s o r p t i o n  o f  t h e  sample t o  t h e  tube  

The mu l t i phase  r e a c t o r  opens p o s s i b i l i t i e s  f o r  cou l i n g  o f  
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52 VAN DER WAL 

i n f r a - r e d  d e t e c t i o n ,  f lame i o n i s a t i o n  d e t e c t i o n  o r  w i t h  HPLC 

i n  another  mode. 

TWO EXAMPLES 

C o r t i  c o s t e r o i  ds 

Here t h e  a n a l y t e  (e.g. c o r t i s o l )  i s  a complex mo lecu le  w i t h  

many f u c t i o n a l  groups and t h e  a n a l y s t  i s  f aced  w i t h  a c h o i c e  

(see f i g  7 ) .  The 64-3 k e t o  chromophore has EM=16000 a t  240 

group(38) b u t  a l s o  many o t h e r  ketones. 

m i x t u r e s  these de tec t i onmethods  may n o t  be s p e c i f i c  enough-UV 

d e t e c t i o n  a t  240 nm i s  i n  ca 20% o f  t h e  samples u n f i t  f o r  

The Zimmermann (I) r e a c t i o n  a t t a c k s  t h e  3- and 20-keto 

For  t h e  a n a l y s i s  o f  complex 

de te rm in ing  c o r t i s o l  i n  u r i n e  (39) 

React ion w i t h  i s o n i c o t i n o y l h y d r a z i n e  (INH) on t h e  04-3 k e t o  

group (40 )  o r  t h e  m u l t i - s t a g e  P o r t e r - S i l b e r  (PS) r e a c t i o n  w i t h  

phenylhydraz ine on t h e  17-hydroxy (= k e t o )  group(41 a r e  more 

s p e c i f i c .  

t e r i o d s  i s  t h e  Blue T e t r a z o l i u m  (BT) r e a c t i o n  on t h e  o ( -ke to l  

c h a i n  ( 4 2 ) .  

i n t e r f e r e  w i t h  c o r t i c o s t e r o i d s  when HPLC i s  a p p l i e d .  The JNH 
and PS r e a c t i o n  do n o t  a l l o w  w a t e r  i n  t h e  r e a c t i o n s o l v e n t ,  w i t h  

t h e  BT r e a c t i o n  l e s s  than 20% wa te r  i s  optimum. As f o r  b i l e  

ac ids  these endogenous c o r t i c o s t e r o i d s  c o u l d  be e n z y m a t i c a l l y  

The f a s t e s t  and most  s e n s i t i v e  r e a c t i o n  f o r  c o r t i c o s -  

Reducing sugars a l s o  r e a c t  w i t h  BT, b u t  do n o t  

FIGURE 7 

Chemical s t ruc tu re  and reac t ive  s i t e s  of cortisol. 
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POST-COLUMN REACTION DETECTION SYSTEMS 53 

de tec ted .  The convenience, s e n s i t i v i t y  and s e l e c t i v i t y  o f  t h e  

BT r e a c t i o n  a p p a r e n t l y  has prompted no a t tempts  t o  do so. 
React ion c o n d i t i o n s  f o r  c o r t i c o s t e r o i d s  a r e  summarized i n  

Table I. 

Catecholamines 

Catecholamines a r e  even more e x t e n s i v e l y  s t u d i e d  and o f f e r  
t h e r e f o r e  g r e a t e r  choice i n  d e t e c t i o n  methods (see t a b l e  11 ) .  

TABLE I 

DETECTION OF CORTICOSTEROIDS 

Method X (nm) t,(s) T(*C) d e t . l i m .  S p e c i f i c  Ref. 
- 37 uv 240 0 25 5 ng 

Z 520 10 50 - 38 

INH 370/450 55 25 7 ng t 40 

PS 420 960 60 20 ng t 41 

BT 525 20 55 1 n9 t 42 
Enzy. 40 t 

TABLE I 1  

DETECTION LIMITS FOR CATECHOLAMINES (pg)  

Method NE 
uv 103 

F l u o r .  300 
Electrochem. 25 
OPA 75 

Bora te  250 
TH I 1 
F1-1 umin. 10 
PABA - 

A- E DA 
_ . -  

lo3 lo3 0 
300 300 0 

25 25 0 
- 130 9 

250 - 90 

1 800 230 
- 10 10 

20 ? - 

r e f .  

43 
43 
43 

43 
44 

43 
5 

45 
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5 4  VAN DER WAL 

While c o r t i s o l  normal va lues i n  plasma a r e  0.3-3 ng/ml, t h e  

range f o r  ep inephr ine  ( E )  i s  10-80 pg /m ly  no rep inephr ine  (NE) 

i s  100-600 pg/ml and dopamine (DA) i s  10-150 p g / ~ n l ( ~ ~ ) .  Fo r  

accu ra te  d e t e r m i n a t i o n  o f  normal plasma l e v e l s  o f  ca techo la -  

mines UV d e t e c t i o n ,  f l u o r i m e t r y  and a b o r a t e  comp lexa t ion  

t e c h n i c  a r e  n o t  s e n s i t i v e  enough. 0 -ph ta la ldehyde  (OPA) and 

f luorescamine ( F l )  do a l s o  r e a c t  w i t h  a l l  o t h e r  p r i m a r y  amines 

i n  t h e  plasma b u t  n o t  w i t h  t h e  secondary amine E.  Even i f  t h i s  

i s  overcome by a p reced ing  demethy la t i on  o f  E,OPA s e n s i t i v i t y  

w i l l  be marg ina l  and F1 f l uo rophores  w i l l  have t o  be enhanced 

i s  s e n s i t i v e  f o r  NE and E, s e l e c t i v e  and f a s t  (tR < 4  min). 
I t  i s  a m u l t i s t a g e  r e a c t i o n  i n v o l v i n g  o x i d a t i o n  to adrenochrome 

and a1 k a l  i n e  rearrangement t o  f l u o r e s c e n t  t r i h y d r o x y i n d o l e s ,  

U s u a l l y  asco rb i c  a c i d  i s  added wh ich  p reven ts  o x i d a t i o n  o f  

t h e  f l uo rophore .  The d e t e c t i o n  l i m i t  f o r  DA i n  plasma i s  n o t  

low enough b u t  NE and E can be determined w i t h  r e l a t i v e l y  

l i t t l e  sample p r e p a r a t i o n  (see f i g .  8) .  

E lec t rochemica l  d e t e c t i o n  i s  w e l l  s u i t e d  f o r  d e t e c t i o n  o f  t h e  

h i g h e r  concen t ra t i ons  o f  catecholamines i n  u r i n e  a f t e r  m u l t i -  

column separa t i on  

by chemiluminescence (5). The T r i h y d r o x y i n d o l e  (THI)  method (43)  , 

A compl imentary  
s p e c i f i c  and s e n s i t i v e  method f o r  DA i n  plasma was r e p o r t e d  (45 )  . 

(47)  

PRESENT AND FUTURE 

A t  commonly used HPLC f l o w r a t e s  commerical systems o f  t h e  cap 

PCR t y p e  hav ing a volume o f  0.3-2 m l  w i l l  cause an a d d i t i o n a l  

peakbroadening o f  0.5-4 s, which i s  f o r  most analyses accep tab le .  

For  l o n g e r  r e a c t i o n  t imes o r  e x t r a c t i o n s  s f  has t o  be used. Peak 

d i s p e r s i o n  i n  these PCR's was shown t o  be 1-10 s 

separa t i ons  (48747)  s i n c e  peakwidths l e a v i n g  t h e  HPLC column 

are of t h e  o r d e r  o f  0.5-2 s.  
h i g h  speed HPLC o n l y  s f  r e a c t o r s  w i th  e l e c t r o n i c  debubb l i ng  

o r  pb r e a c t o r s  and ve ry  r a p i d  r e a c t i o n  shou ld  be used. 

(11 Y34) 

Problems a r i s e  a t  t h e  a p p l i c a t i o n  o f  PCR's f o r  h i g h  speed 

From f i g s  3 i t  i s  c l e a r  t h a t  f o r  

A t  t h e  
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4a 

0 r" -̂h 
0 

NE 

NE 

E 

10 0 10 
3 

min min 

FIGURE 8 

Catecholamine analysis in human plasma. 
Chromatogram of standards (200 pg each of norepinephrine 
and epinephrine) (left) and of 1 ml of human plasma (right). 
(From ref. 50, reproduced with permission of The American 
Association for Clinical Chemistry.) 

flowrates optimal f o r  microbore and cap i l l a ry  HPLC columns 
no d a t a  a r e  ava i lab le  and extrapolation seems f u t i l e .  I t  i s  
therefore ,  imperative t h a t  e f f i c i e n t  pb  reac tors  a re  developed 
tha t  do  not d i sso lve  or corrode a t  extreme pH (e .g .  made of 
t i t an ium) .  

product) i s  ac t ing  a s  a c a t a l y s t  holds the promise t h a t  w i t h  
increasing p o s s i b i l i t i e s  of extending the reaction time in 
PCR's the  de tec t ion  l imi t s  of the  ana ly tes  will be proportionally 
decreased. 

The type o f  c a t a l y t i c  PCR in which an ana ly te  ( o r  ana ly te  

The appl ica t ion  of new de r iva t ives ,  d i f f e r e n t  immobilized 
enzymes and electrochemical de tec t ion  i s  expected t o  increase 
dramatically i n  the near fu tu re .  
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