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A COMPARISON AND CLINICAL APPLICA- 
TIONS OF AMMONIUM ACETATE AND 

PHOSPHATE BASED MOBILE PHASES FOR THE 
SEPARATION OF CATECHOLAMINES ON 

REVERSED PHASE COLUMNS 

W .  A. Bartlett 
Department of Biochem ical Medicine 

Ninewells Hospital and Medical School 
Dundee 

ABSTRACT 

A novel ion paired high performance liquid 
chromatographic system on reversed phase columns 
with ammonium acetate buffer as eluent is described 
for the separation of catecholamines. The advantages 
of using ammonium acetate buffer have been 
systematically studied and compared with the more 
widely employed phosphate buffer. The applicability 
of the method was demonstrated by analysis of 
catecholamines in clinical specimens. 

INTRODUCTION 
The catecholamines, particularly noradrenaline, 

adrenaline and dopamine, function physiologically 
in a wide variety of systems, with homeostatic 
functions including the maintenance of blood pressure. 
Catecholamine secreting tumours, such as phaechromo- 
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720 BARTLETT 

cytoma, may lead t o  c h a r a c t e r i s t i c  c l i n i c a l  syndromes 
and t h i s  has lead t o  a demand f o r  catecholamine 
estimation as  a diagnost ic  t o o l  i n  c l i n i c a l  chemistry 
laborator ies .  A great  number of h igh  performance 
l i q u i d  chromatographic methods have been developed 
f o r  the assay of catecholamines i n  body f l u i d s  (1) 

and the u s e  of reversed phase ion paired chromatography 
w i t h  phosphate buffered mobile phases has  been 
invest igated i n  d e t a i l  ( 2 )  and applied w i t h  Some 
success. 

I t  was t h o u g h t  t h a t  t h e  u s e  of  ammonium a c e t a t e  

a s  an a l t e r n a t i v e  mobile  phase  s o l u t e  might  prove  
advantageous f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .  
Ammonium i o n s  are a n  e f f e c t i v e  masking a g e n t  f o r  
r e s i d u a l  s i l a n o l  groups  on p a c k i n g  m a t e r i a l s  ( 3 , 4 )  

and are a l s o  added t o  mobile  p h a s e s  to f a c i l i t a t e  
peak s h a r p e n i n g ,  w h i l e  acetate b u f f e r s  have found 
wide s p r e a d  g e n e r a l  u s e .  The u s e  of ammonium 
acetate mobi le  p h a s e s  combines b o t h  of  t h e s e  
a d v a n t a g e s ,  w i t h  t h e  f u r t h e r  a d d i t i o n a l  advantages  
of  h i g h  s a l t  s o l u b i l i t y  and good m i s c i b i l i t y  w i t h  
o r g a n i c  s o l v e n t s  ( e . g . ,  methanol  and a c e t o n i t r i l e ) .  
The s a l t  i s  a l so  c o m p a t i b l e  w i t h  most HPLC d e t e c t i o n  
sys tems and i s  v o l a t i l e  e n a b l i n g  easier c o u p l i n g  
t o  mass s p e c t r o m e t e r s  ( 3 ) .  

s e p a r a t i o n  of  c a t e c h o l a m i n e s  i n  reversed phase  
HPLC, w i t h  i o n  p a i r i n g ,  u s i n g  ammonium acetate as 
t h e  b u f f e r i n g  s o l u t e  have t h e r e f o r e  been i n v e s t i g a t e d  

and compared w i t h  t h e  more w i d e l y  phosphate  sys tem.  

The p a r a m e t e r s  a f f e c t i n g  

EQUIPMENT AND REAGENTS 

HPLC Apparatus  
The h i g h  per formance  l i q u i d  chromatography 

sys tem c o n s i s t e d  of a Pye Unicam Model PU4010 
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COMPARISON OF MOBILE PHASES 72 1 

pump (Pye Unicam Ltd., Cambridge, England) with 
a Bioanalytical Systems LC4A amperometric detector 
utilising a LC17 TL5 cube glassy carbon electrode, 
and silver/silver chloride reference electrode 
(Bioanlaytical Systems, Purdue Research Park, 
West Lafayette, IN 47906, USA). The injection 
port was a Rheodyne model 7120 syringe loading 
loop sample injector fitted with 20 p 1  or 100 p1 
loops where appropriate (Rheodyne Incorporated, 
Berkley, California, USA). 

Columns 
Columns of 10, 16 and 25 cm in length and 

4.5 mm internal diameter and column packings (Hypersil 
5 p  particle size O.D.S., M.O.S. and S.A.S.) were 
purchased from Shandon Southern Ltd., (Cheshire, 
England). 

Reagents 
Noradrenaline, adrenaline, dopamine, normet- 

adrenaline, metadrenaline, 3-methoxy tyramine, 
3-methoxy-4-hydroxymandelic acid,cmethyl-dopa, 
dihydroxyphenylacetic acid, 3-methoxy-4-hydroxyphenol 
ethylene glycol and homovanillic acid were all 
purchased from Sigma Chemicals Ltd. (Poole, Dorset, 
England). Stock solutions were prepared at 
approximately 100 mgm/l in 0.05 mol/l perchloric 
acid with 0.005 mol/l sodium metabisulphite and 

stored at 4OC in dark bottles. 
dilutions were made daily in the appropriate media. 

Fresh working 

Heptanesulphonic acid sodium salt monohydrate 
and 3,4-dihydroxy-benzylamine (DHBA) were obtained 
from Aldrich Chemicals (Gillingham, Dorset, England). 
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122 BARTLETT 

Bond Elut S.C.X. columns were obtained from 
Jones Chromatography Ltd (Llanbradach, Wales, U.K.). 

All other reagents were of analar grade and 
purchased from B.D.H. (Poole, Dorset, England). 

METHODS 

Phosphate Buffer System 
Stock standards were diluted in distilled 

water to give solutions of noradrenaline (0.50 mol/l), 
adrenaline (0.55 pmol/l), dopamine (0.65 pmol/l) 
and dihydroxy-benzylamine (0.45 pmol/l). A sample 
injection volume of 20 p 1  was applied to a 10 cm 
octadecyl silica (O.D.S.) column with a mobile 
phase consisting of 0.1 mol/l sodium dihydrogen 
phosphate adjusted to the desired pH with 1 mol/l 
sodium hydroxide, 0.5 mmol/l dis0dium'E.D.T.A. 
and containing varying concentrations of methanol 
and heptane sulphonic acid. A mobile phase flow 
rate of 1 ml per minute was maintained with a 
continuous helium degas of the mobile phase reservoir. 

Ammonium Acetate Buffer System 
Investigation of the effects of varying th8 

components of the ammonium acetate mobile phase 
were carried out on a 10 cm O.D.S. column with 
a solvent flow rate of 1 ml/min unless otherwise 
stated. The mobile phase included ammonium acetate 
buffered to required pH with glacial acetic acid, 
0.5 mmo1/1 disodium E.D.T.A. and heptane sulphonic 
acid. Standards of noradrenaline, adrenaline, 
DHBA and dopamine were diluted from stock daily 
and an injection volume of 100 p 1  employed. 
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COMPARISON OF MOBILE PHASES 723 

RESULTS AND DISCUSSION 

High performance l i q u i d  chromatography of c a t e c h o l -  

amine s t a n d a r d s .  
Chromatographs of catecholamine s t anda rd  u t i l i s i n g  

a phosphate  based mobile phase ( F i g .  1) and a n  
ammonium acetate system ( F i g .  2 )  are shown. Base l ine  

s e p a r a t i o n  of a l l  compounds was achieved w i t h  both  

systems.  

The e f f e c t  of mobile phase pH upon catecholamine 

s e p a r a t i o n .  
The c a p a c i t y  f a c t o r s  ( K ' )  of t h e  catecholamines 

inc reased  as t h e  hydrogen ion  c o n t e n t  of t h e  phos- 

pha te  mobile phase (F ig .  3 )  and t h e  ammonium 

a c e t a t e  mobile phase (F ig .  4 )  decreased .  I f  phos- 

pha te  i s  used,  t hen  t h e  change i n  K' was i n  t h e  

r eg ion  of 10% f o r  a 1 . 2  pH u n i t  ( f rom pH 3.8-5.0) 

i n c r e a s e  f o r  a d r e n a l i n e ,  DHBA and dopamine whereas 

t h e r e  w a s  a 15% increase i n  t h a t  of no rad rena l ine .  

I n c r e a s i n g  t h e  pH of t h e  acetate mobile phase produced 

a much g r e a t e r  e f f e c t  on K' va lues  observed.  An 

i n c r e a s e  of 1 pH u n i t  (pH 4 . 0 0  t o  pH 5 . 0 0 )  produced 

K' va lues  f o r  no rad rena l ine ,  a d r e n a l i n e ,  DHBA and 

dopamine of 230%, 327% 469% and 480% r e s p e c t i v e l y .  

of t h e  two mobile phases d i r e c t l y ,  because of t h e i r  
d i f f e r e n t  heptane su lphonic  a c i d  c o n t e n t ,  t h e  
ev idence  sugges t s  t h a t  some f a c t o r  o t h e r  than pH 

i s  i n f l u e n c i n g  t h e  s e p a r a t i o n  i n  t h e  ammonium 

acetate system. On t h e  b a s i s  of r e s u l t s  ob ta ined  
wi th  a phosphate mobile phase,  Molnor and Horvath ( 5 )  
sugges ted  t h a t ,  a s  pH increases, i o n i s a t i o n  of 

Although it i s  d i f f i c u l t  t o  compare t h e  e f f e c t s  
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DHBA 

1 DA 

I I I I I I I 1 
0 5 10 15 20 25 30 35 

TIME (minutes) 

Fig 1 Chromatography of noradrenaline (NA), adrenaline 
( A ) ,  dihydroxy-benzylamine (DHBA) and dopamine (DA). 
A 10 cm O.D.S. column was used with 0.1M phosphate 
buffer pH 5.0, 0.5 mmol/l EDTA, 5 mmol/l heptane 
sulphonic acid, 4% (v/v) methanol. Flow rate lml/min. 
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COMPARISON OF MOBILE PHASES 725 

NA 

A 

1 DHBA 

I DA 

0 1 2 3 4 5 6 7 8 9 10 1 1 1 2 1 3 1 4 1 5  
TIME (minutes) 

Fig.2 Chromatography of catecholamines by reversed phase 
ion paired high performance liquid chromatography on an 
ODS column with an ammonium acetate mobile phase. 
20 p1 of a standard solution containing noradrenaline 
0.618 pmol/l (NA), adrenaline 0.548 pmol/l ( A ) ,  
dihydroxybenzylamine 0 . 4 7 3  pmol/l (DHB A ) ,  and dopamine 
0.525 pmol/l, chromatographed on a 10 cm ODS column in 
0.5M ammonium acetate, 0.5 mmol/l EDTA, 10 mmol/l heptane 
sulphonic acid, pH 5.16. Flow rate 1 ml/minute. 

catecholamines is suppressed thereby increasing 
hydrophobocity and therefore retention. They did 
not, however, observe an effect upon retention 
of the magnitude seen with the ammonium acetate 
system until the pH of the mobile phase exceeded 
6.50. The acetate pH effect allows, therefore, 
much more control over retention than the phosphate 
system. 
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1 I 

3.0 4.0 4.2 4 .4  4.6 4.0 5.0 

PH 

Fig. 3 The effect of increasing pH upon the capacity 
factors (K') of noradrenaline (-), adrenaline 
( &--a ) a dihydroxybenylamine ( o--.<>), and dopamine 
(-1. Chromatography performed on a lOcm O.D.S. 
column with 0.1M phosphate buffer, 5 mmo1/1 heptane 
sulphonic acid, 0.5 rnmol/l EDTA, 2% methanol (v/v). 
Flow rate 1 ml/min. 

Fig. 3 The effect of increasing pH upon the capacity 
factors (K') of noradrenaline (-), adrenaline 
( &--a ) a dihydroxybenylamine ( o--.<>), and dopamine 
(-1. Chromatography performed on a lOcm O.D.S. 
column with 0.1M phosphate buffer, 5 mmo1/1 heptane 
sulphonic acid, 0.5 rnmol/l EDTA, 2% methanol (v/v). 
Flow rate 1 ml/min. 

Influence of increasing methanol content of the 
phosphate mobile phase upon catecholamine separation. 

Increasing the methanol content of the phosphate 
mobile phase caused a significant decrease in 
the K' values of all components of the standard 
mix (Fig. 5 )  with the greatest effect being upon 
dopamine. 

It should be noted that the ammonium acetate 
system does not require the use of small amounts 
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Fig .  4 E f f e c t  of ammonium a c e t a t e  mobi le  phase  pH on t h e  
c a p a c i t y  f a c t o r s  ( K ' )  of  n o r a d r e n a l i n e  (+0),  a d r e n a l i n e  
( a- --a 1 ,  DHBA (o.-.-.a) and dopamine ( mi. 
Chromatography performed on 10 c m  O.D.S. column w i t h  
0 . 2 5  m o l / l  ammonium acetate ,  0 .5  mmol/l EDTA, 10 mmo111 
heptane  s u l p h o n i c  a c i d .  Flow r a t e  1 ml/min. 

of o r g a n i c  modi fyer ,  t h u s  a c o i d i n g  g r a d u a l  changes  
i n  r e t e n t i o n  t i m e  t h a t  r e s u l t  as the methanol  c o n t e n t  
of t h e  mobile  phase  is  d e p l e t e d  by e v a p o r a t i o n  
d u r i n g  t h e  c o u r s e  of c o n t i n u o u s  he l ium d e g a s .  
T h i s  is of impor tance  s i n c e  i n c r e a s e d  r e t e n t i o n  
leads t o  peak b r o a d e n i n g  t h u s  r e d u c i n g  maximum 
c o n c e n t r a t i o n s  p r e s e n t e d  t o  t h e  working e l e c t r o d e  
of t h e  amperometr ic  d e t e c t o r  which i n  t u r n  leads 

t o  e r r o r s  i n  q u a n t i t a t i o n  as peak d e t e c t o r  r e s p o n s e  
i s  reduced  as r e t e n t i o n  i n c r e a s e s .  
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0- 
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% Methanol 

F i g .  5 E f f e c t  o f  i n c r e a s i n g  m e t h a n o l  c o n t e n t  0.. t h e  mobile 
p h a s e  upon t h e  c a p a c i t y  f a c t o r s  (K') o f  n o r a d r e n a l i n e  
(-1, a d r e n a l i n e  (&--a), d i h y d r o x y - b e n z y l a m i n e  
- (0 -.-,a) and  dopamine (-1. Chromatography p e r f o r m e d  
on a 10  c m  O.D.S. column w i t h  0.1M p h o s p h a t e  pH 5 . 0 ,  5 mmol 
h e p t a n e  s u l p h o n i c  acid 0.5 mmo111 EDTA. F l o w  r a t e  
1 ml/min.  

I n f l u e n c e  of molar s t r e n g t h  o f  ammonium acetate  
upon s e p a r a t i o n .  

I n c r e a s i n g  t h e  molar c o n c e n t r a t i o n  o f  ammonium 
acetate  c o n c e n t r a t i o n  a t  a pH of 5 .16  leads t o  
a s i g n i f i c a n t  d e c r e a s e  i n  t h e  capacity f a c t o r s  (K') 
f o r  a l l  f o u r  s t a n d a r d  c o n s t i t u e n t s  ( F i g .  6 ) .  A t  

a c o n c e n t r a t i o n  o f  0 .5  m o l / l ,  b a s e l i n e  s e p a r a t i o n  
of a l l  f o u r  components  of t h e  s t a n d a r d  i n j e c t i o n  
mix was a c h i e v e d  ( F i g .  2 ) .  An i n c r e a s e  i n  c o n c e n t r a t i o n  
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32 

30 

28 

26 

24 

22 

20 

18 

K '  16 

14 

12 

10 

8 

6 

4 

2 

0 

9 
\ 

\ 
'. 

. I 
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Fig. 6 Effect of increasing molar strength of ammonium 
acetate of HPLC mobile phase upon the capacity factors 
of noradrenaline (-) , adrenaline ( & - - - A ) ,  
dihydroxybenzylamine ( CY--Q), and dopamine (-2. 
Chromatography was performed on a 10 cm O . D . S .  column 
with ammonium acetate pH 5.16, 0.5 mmol/l EDTA, 10 mmol/l 
heptane sulphonic acid. Flow rate 1 ml/min. 
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730 BARTLETT 

t o  1 .0  m o l / l  r e s u l t e d  i n  e l u t i o n  of no rad rena l ine  
ve ry  c l o s e  t o  t h e  vo id  volume of t h e  column w i t h  
incomplete s e p a r a t i o n  of DHBA from adrenaline.  
Decreasing ammonium acetate c o n c e n t r a t i o n s  t o  0.25  moll1  
r e s u l t e d  i n  an excess ive  c a p a c i t y  f a c t o r  f o r  dopamine 
w i t h  complete s e p a r a t i o n  occur ing  a t  32 minutes .  

and J iang  (6) who demonstrated t h a t  a n  i n c r e a s e  

i n  t h e  molar s t r e n g t h  of phosphate  b u f f e r  had v e r y  
l i t t l e  e f f e c t  on r e t e n t i o n  t i m e s  and t h a t  any 
e f f e c t  w a s  i n  a p o s i t i v e  r a t h e r  t han  a n e g a t i v e  
d i r e c t i o n .  This  f i n d i n g  may be exp la ined  by t h e  
f a c t  t h a t  i n c r e a s i n g  concen t r a t ion  of ammonium 
ions  w i l l  l e a d  t o  a more e f f e c t i v e  masking of r e s i d u a l  
s i l a n o l  groups,  t h u s  reducing  any a d s o r b t i o n  component 
w i th in  t h e  chromatographic p rocess .  

This  obse rva t ion  c o n t r a s t s  w i t h  t h a t  of Moyer 

In f luence  of heptane su lphon ic  a c i d  con ten t  of 
t h e  mobile phase.  

Inc reas ing  t h e  concen t r a t ion  of heptane su lphon ic  
a c i d  i n  t h e  phosphate  mobile phase ( F i g .  7 )  and 
t h e  a c e t a t e  mobile phase (F ig .  8 ) produced an increase 
i n  t h e  K' va lues  of a l l  f o u r  components of  t h e  
s t anda rd  mix. T h e  e f f e c t  is maximum upon dopamine 
i n  both cases but  of  g r e a t e r  magnitude i n  t h e  
phosphate b u f f e r  system. 

Hydrodynamic voltamograms of ca techolamines  and 
dihydroxy benzylamine. 

A hydrodynamic voltamogram, c o n s t r u c t e d  by 
measuring d e t e c t o r  response  t o  i n j e c t i o n  of  t h e  

s t anda rd  mix a t  i n c r e a s i n g  c e l l  v o l t a g e  r e v e a l s  
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Fig.  7 E f f e c t  of i n c r e a s i n g  heptane su lphon ic  a c i d  
concen t r a t ion  of t h e  mobile phase upon c a p a c i t y  f a c t o r s  
(K') of noradrena l ine  (-), a d r e n a l i n e  ( & - - - A ) ,  
dihydroxy-benzylamine (0---.-4) and dopamine ( M) . 
Chromatography performed on 1 0  c m  O.D.S. column w i t h  0 .  

r 
a 

,_,,.4-.-.-.---0 

*-/"o-*- 
/v 

PO' 

t . 4  

*--a 

,b - r* - - - ----*. - - - - -- * 
_..&' _- 

1M 
phosphate b u f f e r  pH 5 . 0 ,  0.5 mmol/l EDTA, 4 %  (v/v) 
methanol.  Flow ra te  1 m l / m i n .  
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Fig. 9 Hydrodynamic voltamograms of noradrenaline 
(-), adrenaline (&---a), dihydroxy-benzylamine 
( C h - - 4 ) ,  and dopamine (-). A 10 cm O . D . S .  column 
was used with 0.1M phosphate buffer pH 5 . 0 ,  0.5 mmol/l 
EDTA,  5.0 mmol/l heptanesulphonic acid, 4 %  (v/v) methanol. 
Flow rate 1 ml/min. 

a plateau, when using the phosphate system, from 
t 0 . 4 5  V to t 0.90 V. (Fig. 9). 

Voltamograms were similarly produced at three 
concentrations of ammonium acetate in response 
to 100 p 1  injection of a standard mixture containing 
neoadrenaline, adrenaline, DHBA and dopamine at 
concentrations of 0.309 pmol/l, 0.274 vmol/l, 
0.237 pmol/l and 0.236 pmol/l respectively (Fig. 10). 
They were observed to be significantly different 
from those seen in the phosphate system (Fig. 9); 
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Fig. 10 Hydrodynamic voltamograms of noradrenaline, 
adrenaline dihydroxy-benzylamine and dopamine at three 
concentrations of ammonium acetate 0.25 M (e----o),  
0.5 M (-1, and 1.0 M ( m - 4 ) .  
Chromatographic conditions were a 10 cm O . D . S .  column with 
ammonium acetate buffer pH 5.10, 0.5 mmo1/1 EDTA, 10 mmo1/1 
heptane sulphonic acid. Flow 1 ml/min. 
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Fig. 11 Response  of e l e c t r o c h e m i c a l  d e t e c t o r  t o  i n c r e a s  
c o n c e n t r . a t i o n s  o f  n o r a d r e n a l i n e  (-), a d r e n a l i n e  
( &--a), d ihydroxy-benzy lamine  (0--4), and  dopamine 
(-1 
Chromatography p e r f o r m e d  on a 10 c m  O . D . S .  column w i t h  
0 . 1  M p h o s p h a t e  b u f f e r  pH 5 . 0 ,  0.5 m o l / l  EDTA, 5 .0  
m m o l / l  h e p t a n e  s u l p h o n i c  acid,  4 %  ( v / v )  m e t h a n o l .  
Flow ra te  1 ml/min sample  i n j e c t i o n  V O l U m e  20 u l .  
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COMPARISON OF MOBILE PHASES 735 

t h e  r ise t o  t h e  p l a t e a u  i s  a g e n t l e  p rogres s ion  
when ammonium acetate is  u s e d ,  w i t h  maximum responses  
be ing  approached a t  an a p p l i e d  v o l t a g e  of t 0.80 V.  

I n  c o n t r a s t ,  t h e  r ise  i n  t h e  case of  t h e  phosphate  
system was r a p i d  w i t h  a maximum response  reached  
a t  i 0 .45  V.  Once  achieved t h e  plateau response  
tended  t o  be g r e a t e r  i n  t h e  presence  of ammonium 
a c e t a t e .  These r e s u l t s  sugges t  t h a t  a t  low v o l t a g e s  
ammonium acetate  may e i t h e r  reduce d e t e c t o r  e f f i c i e n c y  
or p r o t e c t  t h e  catecholamines from o x i d a t i o n .  

The a b i l i t y  t o  work a t  lower d e t e c t o r  v o l t a g e s  
i s  advantageous i n  t h a t  d e t e c t o r  s e l e c t i v i t y  may 
be improved. Use of vo l t ages  of less than  t 0.80 V 

w i th  t h e  ammonium a c e t a t e  system would r e s u l t  i n  
t h e  use  of t h e  in t e rmed ia t e  r eg ion  of t h e  voltamo- 
gram, a r eg ion  which i s  vu lne rab le  t o  small 
f l u c t u a t i o n s  i n  app l i ed  p o t e n t i a l  and hence change 
i n  ce l l  c o n d i t i o n s  may l e a d  t o  imprec is ion  of  
measurement. 

The voltamograms show t h a t  d e c r e a s i n g  t h e  
molar s t r e n g t h  of t h e  acetate reduces  d e t e c t o r  
response  t o  i n j e c t e d  s t anda rds .  This  e f f e c t  is  
probably  related t o  column r e t e n t i o n  t i m e s  for 
t h e  ca techolamines ,  which increases as t h e  c o n c e n t r a t i o n  
of acetate  dec reases  ( F i g .  6). As t h e  r e t e n t i o n  
t i m e  increases,  t hen  t h e  volume i n  which t h e  e l u t e d  
subs t ances  is d i s t r i b u t e d  i s  l i k e l y  t o  i n c r e a s e  
and t h e r e f o r e  i t s  concen t r a t ion  a t  t h e  d e t e c t o r  
w i l l  be reduced.  

T h i s  would exp la in  why t h e  e f fec t  i s  more 
pronounced w i t h  t h e  longer  r e t a i n e d  components 
dopamine and DHBA, and why t h e r e  i s  l i t t l e  d i f f e r e n c e  
i n  t h e  1 . 0  mol l1  voltamograms of no rad rena l ine ,  
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736 BARTLETT 

(where t h e r e  i s  a smaller e f f e c t  on r e t e n t i o n  t h a n  
t h a t  s e e n  f o r  DHBA).  Measurement of  t h e  area under  
t h e  chromatograph p e a k s ,  t o  g i v e  a n  i n t e g r a t e d  
measure of r e s p o n s e  i n s t e a d  of  measurement of peak 
r e s p o n s e ,  may remove o r  r e d u c e  t h e  observed  e f f e c t .  

D e t e c t o r  s e n s i t i v i t y  and l i n e a r i t y  

of  ca techolamines  i n t r o d u c e d  i n t o  t h e  phosphate  

chromatographic  sys tem as a 20 p 1  sample volume 
was s e e n  t o  b e  l i n e a r  t o  l e v e l s  i n  e x c e s s  o f  t h o s e  
l i k e l y  t o  be found i n  n o n - p a t h o l o g i c a l  and many 
p a t h o l o g i c a l  specimens ( F i g .  11). 

The d e t e c t o r  r e s p o n s e  t o  i n c r e a s i n g  c o n c e n t r a t i o n s  

The s e n s i t i v i t y  of t h e  d e t e c t o r  f o r  t h e  c a t e c h o l -  
amines and i n t e r n a l  s t a n d r a d s  ( D H B A )  as de termined  
from t h e  s l o p e  of t h e  r e s p o n s e  l i n e s  ( F i g .  11) 
were f o r  n o r a d r e n a l i n e  0.145 nA/pmol i n j e c t e d ,  
a d r e n a l i n e  0.085 nAfpmo1 i n j e c t e d ,  DHBA 0.66 nAfpmol 
i n j e c t e d  and dopamine 0.035 nA/pmol i n j e c t e d .  

The d e t e c t o r  s e n s i t i v i t y  and l i n e a r i t y  was checked 
a t  t h r e e  c o n c e n t r a t i o n s  of  ammonium acetate  (0 .25  

m o l / l ,  0.50 m o l / l  and 1.00 m o l / l )  and  a t  two d e t e c t o r  

v o l t a g e s  ( 0 . 6 5  V and 0.80 V ) .  I n c r e a s e d  s e n s i t i v i t y  
f o l l o w s  an  i n c r e a s e  i n  ammonium acetate c o n c e n t r a t i o n  
and an i n c r e a s e d  a p p l i e d  o x i d a t i o n  v o l t a g e  ( F i g .  1 2 ) .  

The r e l a t i o n s h i p  between s e n s i t i v i t y  and ammonium 

acetate c o n c e n t r a t i o n  is most l i k e l y  t o  be due 
t o  t h e  same d i f f e r e n c e s  i n  r e t e n t i o n  of c a t e c h o l a m i n e s  

producing  t h e  e f f e c t  on t h e  voltamograms. 
L i n e a r i t y  w a s  checked a t  two v o l t a g e  l e v e l s  

a t  e a c h  of  t h e  t h r e e  c o n c e n t r a t i o n s  of  ammonium 
a c e t a t e ,  t h e  f irst  v o l t a g e  of + 0.65 V was chosen 
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737 

Chromatography was performed on a 10 cm O . D . S .  column 
with ammonium acetate buffer pH 5.16, 0.5 mmol/l EDTA, 
10 mmol/l heptanesulphonic acid. 
Flow rate 1 ml/min. 
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738 BARTLETT 

a s  a non-p la teau  v o l t a g e  and + 0.80 V as  a p l a t e a u  
v o l t a g e  ( F i g .  1 3 ) .  I n  a l l  cases t h e  r e s p o n s e  
l i n e s  were l i n e a r  o v e r  t h e  c o n c e n t r a t i o n  r a n g e s  
employed. The l i n e a r i t y  of t h e  n o n - p l a t e a u  v o l t a g e  
was checked s i n c e  i t  may prove  n e c e s s a r y  under  
p a r t i c u l a r  c i r c u m s t a n c e s  t o  u s e ' n o n - p l a t e a u  v a l u e s  
t o  e n a b l e  an  i n c r e a s e  i n  s e l e c t i v i t y  of  t h e  d e t e c t i o n  
s y s  t e m .  

E f f e c t  of carbon c h a i n  l e n g t h  on c a t e c h o l a m i n e  
s e p a r a t i o n  and t h e  i n f l u e n c e  of sample m a t r i x  
i d e n t i t y .  

The e f f e c t  o f  i n c r e a s i n g  t h e  carbon c h a i n  
l e n g t h  of t h e  r e v e r s e d  phase  packing  m a t e r i a l  on 
t h e  s e p a r a t i o n  of t h e  ca techolamines  w a s  i n v e s t i g a t e d  
u s i n g  10 c m  by 4.5 mm i n t e r n a l  d i a m e t e r  columns, 
packed w i t h  H y p e r s i l  ODS ( C 1 8 ) ,  MOS ( C 8 )  and SAS 
( C l ) .  A mobile  phase  of  low m o l a r i t y  and h i g h  
pH w a s  chosen t o  e n a b l e  adequate  r e t e n t i o n  on t h e  
s h o r t e r  c h a i n  l e n g t h  columns; t h i s  p h a s e  c o n s i s t e d  
of 0 . 2  m o l / l  ammonium a c e t a t e ,  a d j u s t e d  t o  pH 5.5 
w i t h  g l a c i a l  ace t ic  a c i d ,  10 mmol/l h e p t a n e  s u l p h o n i c  
acid and 0 .5  m o l / l  disodium EDTA. 

S t a n d a r d s  were i n i t i a l l y  d i l u t e d  t o  working 
d i l u t i o n s  i n  d i s t i l l e d  water and l a t e r  i n  s u c h  
a manner as t o  m a i n t a i n  m a t r i x  i d e n t i t y  w i t h  t h e  
mobile  phase .  

I n s p e c t i o n  of  t h e  C18 chromatograph of aqueous 
s t a n d a r d  s o l u t i o n  r e v e a l e d  peaks of good symmetry 

f o r  n o r a d r e n a l i n e ,  a d r e n a l i n e ,  DHBA and  dopamine, 
w h i l e  t h a t  of t h e  C8 sys tem r e v e a l e d  a s h o r t e r  
r e t e n t i o n  t i m e  f o r  a l l  compounds w i t h  peaks  showing 
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COMPARISON OF MOBILE PHASES 139 

140 

Fig. 13 Electrochemical detector linearity and sensitivity 
at an applied voltage of 0.80 V f o r  the detection of 
catecholamines. 
Noradrenaline (+o), adrenaline ( &---+I ) 
benzylamine ( o-.--o), and dopamine (-1 
graphy performed on a 10 cm O.D.S. column 
ammonium acetate buffer pH 5.16, 0.5 mmol 
10 mmol/l heptanesulphonic acid. 
Flow rate 1 ml/min. 

dihydroxy- 
Chromato- 

with 1.0 M 
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v e r y  obvious t a i l i n g  and a s u g g e s t i o n  of  s p l i t t i n g  
of t h e  DHBA peak.  The C1 chromatograph produced 
a more complex p i c t u r e ,  w i t h  t h e  r e t e n t i o n  times 
of n o r a d r e n a l i n e ,  a d r e n a l i n e  and DHBA b e i n g  s h o r t e r  
t h a n  t h o s e  observed  on C 8  ( w i t h  f a i l u r e  of b a s e  
l i n e  s e p a r a t i o n  between a d r e n a l i n e  and  D H B A ) ,  b u t  
now t h e  dopamine s t a n d a r d  had s l p i t  i n t o  two peaks  
w i t h  v e r y  d i f f e r e n t  r e t e n t i o n s ,  t h e  f i r s t  peak 
( p e a k  1) having  a r e t e n t i o n  of 7 minutes  and t h e  
second peak ( p e a k  2 )  w i t h  a r e t e n t i o n  t i m e  of 9 
minutes  ( F i g .  14). T h i s  e f f e c t  w a s  n o t  due t o  
i m p u r i t i e s  i n  t h e  s t a n d a r d  mix s i n c e  a d i f f e r e n t  
b a t c h  of  d o p a l i n e  produced t h e  same e f f e c t .  A 

second C8 column a l s o  produced t h e  same e l u t i o n  
p a t t e r n .  However, a l t e r a t i o n  o f  t h e  s t a n d a r d  
m a t r i x  markedly i n f l u e n c e d  t h e  e l u t i o n  p r o f i l e s .  
For example,  a s t o c k  s o l u t i o n  of dopamine, produced 
by d i s s o l v i n g  t h e  s o l i d  d i r e c t l y  i n  t h e  mobile  
p h a s e ,  chromatographed a s  a s i n g l e  peak  w i t h  a 
r e t e n t i o n  s imi la r  t o  peak 2, b u t  a 1 :5  d i l u t i o n  
of t h i s  s o l u t i o n  i n  d i s t i l l e d  water e l u t e d  as two 
peaks .  The dopamine s t a n d a r d  t h e r e f o r e  a p p e a r e d  
homogenous, b u t ,  t o  c o n f i r m  t h i s ,  t h e  two peaks  
were c o l l e c t e d  s e p a r a t e l y  a f t e r  i n j e c t i o n  o f  100 l.11 

of aqueous dopamine (0 .65  mmo1/1) o n t o  t h e  HPLC 

w i t h  a UV d e t e c t i o n  sys tem (354 nm, e l e c t r o c h e m i c a l  
d e t e c t i o n  i s  d e s t r u c t i v e ) .  When a l i q u o t s  of  t h e  
f r a c t i o n  c o n t a i n i n g  t h e  s e p a r a t e  peaks  were r e i n j e c t e d  
o n t o  t h e  same column under  t h e  same c o n d i t i o n s ,  
w i t h  e l e c t r o c h e m i c a l  d e t e c t i o n  i t  w a s  found t h a t  
b o t h  peaks  1 and 2 e l u t e d  a s  s i n g l e  peaks  w i t h  

i d e n t i c a l  r e t e n t i o n  of 8 . 5  minutes .  S i n c e  t h e  
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Fig. 14 Seperation of catecholamines on a 10 cm S . A . S .  
column. 
Noradrenaline ( N A ) ,  adrenaline ( A ) ,  dihydroxy-benzylamine 
( D H B A )  dopamine ( D A ) .  Mobile phase consisted of 0.2 M 
ammonium acetate buffer pH 5.5, 0.5 mmol/l E D T A ,  10 
mmol/l heptanesulphonic acid. 
Flow rate 1 ml/min. 
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Fig.  15 E f f e c t  of column packing cha in  l e n g t h  on 
catecholamine c a p a c i t y  f a c t o r s  (K'). 
Noradrenal ine (-1, a d r e n a l i n e  ( c r - - d ) ,  DHBA 
(@--o) and dopamine (-1. Chromatography w a s  on 
10 c m  columns w i t h  0 . 2  M ammonium acetate pH 5 . 5 ,  
0 .5  mmol/l EDTA, 10 mmol/l heptanesulphonic  acid.  
Flow ra te  1 ml/min. 

c o l l e c t e d  peaks were e f f e c t i v e l y  d i s s o l v e d  i n  mobile 
phase,  t h e  e f f e c t  of d i l u t i n g  them i n  1:s i n  d i s t i l l e d  
water was i n v e s t i g a t e d  and it was s e e n  t h a t  each  
s i n g l e  i s o l a t e d  peak a f t e r  d i l u t i o n  aga in  genera ted  
two f r a c t i o n s  on chromatography. 

and it  would appear  t h a t  a combination of s h o r t  
column cha in  l e n g t h  w i t h  low m o l a r i t y  acetate  b u f f e r  
w i l l  be extremely s e n s i t i v e  t o  a non-par i ty  of 
t h e  sample ma t r ix  composition w i t h  t h a t  of t h e  

mobile phase composi t ion,  and t h e r e f o r e  l i a b l e  

The dopamine s t anda rd  i s  t h e r e f o r e  homogenous 
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COMPARISON OF MOBILE PHASES 743 

t o  gene ra t ion  of a r t e f a c t u a l  s e p a r a t i o n s .  The 
mechanisms involved i n  t h e  gene ra t ion  of t h i s  
phenomana are l i k e l y  t o  be m u l t i f a c t o r i a l  and 
complex. I t  i s  l i k e l y  t h a t  a d d i t i o n  of 100  ~1 
of a non i d e n t i c a l  ma t r ix  t o  t h e  column r e s u l t s  
i n  a pocket of mobile phase w i t h  a s i g n i f i c a n t l y  
a l te red  composi t ion,  i n  terms of m o l a r i t y  and ion  
p a i r  c o n t e n t ,  a l l  of which a f f e c t  t h e  s e p a r a t i o n .  
C 1  columns are  u n s t a b l e  u n d e r  p u r e l y  aqueous c o n d i t i o n s  
and l o s s  of bonded phase would l e a d  t o  peak s p l i t t i n g  
due t o  mixed mechanism,  p a r t i c u l a r l y  when ion  
p a i r i n g  agent  i s  d i l u t e d .  Inc rease  i n  column packing  
cha in  l e n g t h  r e s u l t s  i n  a n  increase i n  the  c a p a c i t y  
f a c t o r s  f o r t h e  f o u r  compounds of t h e  s t a n d a r d  mix 
d i l u t e d  i n  mobile phase ( F i g .  1 5 ) .  I t  shou ld  be 

noted  t h a t  t h e  mat r ix  e f f e c t  w a s  minimum on t h e  

C18, i n t e rmed ia t e  upon t h e  C8 and maximum upon 
t h e  C 1  columns, t h u s  sugges t ing  t h a t  column packing 
w i t h  longer  c h a i n  l e n g t h  lend  r e s i s t a n c e  t o  ma t r ix  
e f f e c t s .  An exp lana t ion  f o r  t h i s  i s  t h a t ,  under 
t o t a l l y  aqueous c o n d i t i o n s  C18, cha ins  c o l l a p s e  
cover ing  t h e  s t a t i o n a r y  phase more e f f e c t i v e l y ,  
t h u s  producing a more t r u e l y  hydrophobic s i t u a t i o n ;  
C8 would produce an i n t e r m e d i a t e  e f f e c t  wh i l e  C 1  

is  both u n s t a b l e  and unable  t o  perform t h i s  f u n c t i o n .  

Appl ica t ion  of t h e  Sepa ra t ion  System t o  Catecholamine 
Metabo l i t e s .  

The  s e p a r a t i o n  and d e t e c t i o n  of a wide range  
of a c i d i c ,  b a s i c  and n e u t r a l  catecholamine 
d e r a t i v e s  i s  p o s s i b l e  us ing  t h e  p r e s e n t  system 
( F i g .  1 6 ) .  This  p o i n t  is important  i n  c o n s i d e r a t i o n  
of t he  v a r i o u s  e x t r a c t i o n  procedures  used i n  t h e  
i n i t i a l  i s o l a t i o n  of ca techolamines .  
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Fig. 16 Seperation of catecholamine metabolites on a 
16 cm O . D . S .  column with ammonium acetate mobile phase. 
Hydroxy methyl mandelic acid (HMMA),  1 dihydroxy- 
phenylalanine ( 1  D O P A ) ,  dihydroxyphenylacetic acid 
( D O P A C ) ,  a methyl dopa ( Q M D ) ,  methoxy-hydroxyphenylethylene 
glycol ( M H P G ) ,  noradrenaline ( N A ) ,  homovanillic acid 
(HVA) adrenaline ( A ) ,  normetadrenaline ( N M A ) ,  metadrenaline 
( M A ) ,  and dopamine ( D A ) .  Mobile phase consisted of 
0.5 M ammonium acetate buffer pH 5.10, 0 . 5  mmol/l E D T A ,  
10 mmol/l heptane sulphonic acid. Flow rate 1 ml/min 
on a 16 cm O . D . S .  column. 
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Fig .  17 Chromatograph of  a u r i n e  from a f ema le  aged 3 3  
years w i t h  s u s p e c t e d  pheaochromocytoma. 
U r i n a r y  f r e e  c a t e c h o l a m i n e  e x c r e t i o n  w a s  f o r  n o r a d r e n a l i n e  
( N A )  9.12 umo1/24 h r ,  a d r e n a l i n e  ( A )  0.42 umo1/24 h r ,  
and dopamine ( D A )  6 . 1  pmo1/24 hr. C o n d i t i o n s  as 
d e s c r i b e d  i n  t h e  tes t  w i t h  t h e  e x c e p t i o n  o f  t h e  column, 
t h e  l e n g t h  of  which was i n c r e a s e d  t o  250 mm t o  f a c i l a t a t e  
s e p e r a t i o n  o f  t h e  n o r a d r e n a l i n e  peak from a s u s p e c t e d  
d r u g  peak .  I n t e r n a l  s t a n d a r d  ( I S ) .  
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Fig. 18 Chromatograph of a urine from a patient aged 
6 years 9 months with Neuroblastoma. 
Urinary free catecholamine excretion was for noradrenaline 
0.19 pmo1/24 hr, adrenaline 0.09 pmo1/24 hr, and 
dopamine (DA) 140.00 pmo1/24 hr. Internal standard (IS). 
For assay conditions see text. 
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Fig. 19 Chromatograph of a urine from a female aged 
7)1 years with malignant hypertension and a tumour in 
the right supra renal area. 
Urinary free catecholamine excretion was for noradrenaline 
(NA) 4.11 pmo1/24 hr, adrenaline ( A )  0.09 pmo1/24hr, and 
dopamine (DA) 1.29 pmo1/24hr. Internal standard (IS). 
For assay conditions see text. 
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F i g .  20 Chromatograph of a u r i n e  from a 57 y e a r  o l d  male 
w i t h  i n i p e r a b l e  phaeochromocytoma. 
For c o n d i t i o n s  see t e x t .  U r i n a r y  f r e e  c a t e c h o l a m i n e  
e x c r e t i o n  w a s  f o r  n o r a d r e n a l i n e  ( N A )  1.40 pmo1/24 h r ,  
a d r e n a l i n e  ( A )  0 .99  ~molf24hr, and dopamine ( D A )  
1 .95  pmo1/24 h r .  I n t e r n a l  s t a n d a r d  ( I S ) .  
Peak D i s  s e e n  i n  p a t i e n t s  undergoing  t r e a t m e n t  w i t h  
L a b e t o l o l .  
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- Fig. 21 Chromatograph of a urine from a 19 year old female 
with cystic teratoma and neuroblastoma. 
Urinary free catecholamine excretion was for noradrenaline 
( N A )  0.31 pmo1/24hr, adrenaline ( A )  0.09 pmo1/24hr, 
and dopamine ( D A )  22.39 pmo1/24hr. Internal standard 
(IS). Conditions as described in the text. 
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Appl ica t ion  t o  C l i n i c a l  Samples. 
Samples from f i v e  p a t i e n t s  w i t h  catecholamine 

s e c r e t i n g  tumours were assayed f o r  u r i n a r y  f r e e  
catecholamines (F igs .  1 7 - 2 1 ) .  Sample p r e p a r a t i o n  
performed by a p p l i c a t i o n  t o  S.C.X. c a t i o n  exchange 
columns fol lowed by chromatography upon 16  c m  o r  
25 c m  O.D.S. column w i t h  a mobile phase c o n s i s t i n g  
of 0.4 M ammonium acetate, 10  mmol/l heptane  
su lphon ic  a c i d ,  0.5 mm E.D.T.A. pH 5.10 w i t h  a 
f low ra te  of 0 .9  ml/min and d e t e c t i o n  v o l t a g e  of 
0.65 V. Resu l t s  ob ta ined  were compat ib le  w i t h  
t h e  c l i n i c a l  in format ion  r ece ived .  

Conclusion 
The ammonium acetate system is  s u p e r i o r  t o  

t h e  more convent iona l  phosphate based systems 
used f o r  t h e  s e p a r a t i o n  of catecholamines.  Such 
a system a l lows  t h e  development of more r o b u s t  
and less t e d i o u s  prechromatographic sample p r e p a r a t i o n  
procedures .  The use of d i sposab le  c a t i o n  exchange 
columns, such as those  used f o r  sample p r e p a r a t i o n  

i n  t h i s  p r e s e n t  work, is  o n e  p o s s i b l e  r o u t e  t o  
t h e  product ion  of a r o b u s t  a s s a y  sys tem f o r  u s e  
i n  chemical pa thology l a b o r a t o r i e s  i n  o r d e r  t o  
enab le  i n v e s t i g a t i o n  of bo th  normal phys io logy  
and autonomic dys func t ion .  
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