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LARY ZONE ELECTROPHORESIS. I I .  THE 
ROLE OF THE BUFFERS' CATION 

RESOLUTION AND SELECTIVITY IN CAPIL- 

IBRAHIM Z. ATAMNA, CLIMACO J. METRAL, 
GARY M. MUSCHIK, A N D  HALEEM J. ISSAQ* 

Program Resources, Inc. 

P .  0. Box B 
Frederick, Maryland 21701 

NCI-FCRDC 

ABSTRACT 

The e f f e c t  o f  the  b u f f e r  ca t i on  on mob i l i t y ,  r e s o l u t i o n  and s e l e c t i v i t y  
The r e s u l t s  show t h a t  i n  c a p i l l a r y  zone e lec t rophores is  was inves t iga ted .  

m o b i l i t y  t imes o f  analyte increased w i t h  inc reas ing  c a t i o n  s i z e  
Cs+>Rb'>K+>Na+>Li+. The increase i n  m o b i l i t y  t imes was v e r i f i e d  by measuring 
the  electroosmotic f lows o f  benzene, mes i ty l  oxide and uanosine i n  the  f i v e  
a l k a l i  bu f fe rs .  The r e s u l t s  show t h a t  electroosmotic fyows o f  t he  th ree  above 
markers decreased as the  ca t i on  s i ze  increased. The separat ion o f  a t e s t  
mix tu re  o f  n ine  dansylated amino acids was b e t t e r  when 0.1 M cesium aceta te  
so lu t i on  was used ra the r  than l i t h i u m  acetate. Also, there  was no change i n  
the  order o f  e l u t i o n  o f  the  so lu tes  i n  the  t e s t  mix tu re  i n  t h e  f i v e  ace ta te  
so lu t i ons  havin the  same H and concentrat ion.  I t  was observed t h a t  a t  t h e  
same app l ied  voqtage (20 k!) t he  r e s u l t i n g  cu r ren t  increased as the  atomic 
weight o f  t he  ca t i on  increased, which i s  expected based on charge/size 
d i s t r i b u t i o n .  

INTRODUCTION 

C a p i l l a r y  Zone Electrophoresis (CZE) i s  qu i ck l y  emerging as an up and 

coming m ic roana ly t i ca l  technique f o r  the  separat ion o f  molecules according t o  

t h e i r  a b i l i t y  t o  migrate i n  an e l e c t r i c  f i e l d  g rad ien t  (1,2). 

a f f e c t  t he  mob i l i t y ,  reso lu t i on  and s e l e c t i v i t y  o f  t h e  analytes.  These 

Many f a c t o r s  

*Author t o  whom correspondence should be addressed. 
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i nc lude appl ied voltage, pH, type and concentrat ion o f  t he  bu f fe r ,  i o n i c  

strength,  b u f f e r  add i t i ves ,  c a p i l l a r y  column treatment and e lec t roosmot ic  

f low. Understanding, p red ic t i ng  and c o n t r o l l i n g  the  electroosmotic f l ow  i n  

CZE i s  o f  primary importance i n  c a l c u l a t i n g  so lu te  m o b i l i t i e s ,  and op t im iz ing  

o f  separations. E f f i c i e n c y  i s  a func t i on  o f  t he  e lec t roosmot ic  v e l o c i t y  ( 3 ) ,  

there fore  c o n t r o l l i n g  the  f l ow  w i l l  be bene f i c ia l  i n  maximizing e f f i c i e n c y  and 

reso lu t ion ,  which could l ead  t o  super io r  separations. 

I n  a previous study ( 4 ) ,  we repor ted  our f i n d i n g s  on t h e  use o f  sodium 

vs. potassium phosphates bu f fe rs .  The r e s u l t s  i nd i ca ted  t h a t  t he re  were 

d i f fe rences  i n  m o b i l i t y  t imes (tH), s e l e c t i v i t y  and r e s o l u t i o n  ( R s ) .  The 

present study was designed t o  s p e c i f i c a l l y  study t h e  e f f e c t  o f  t h e  bu f fe rs ’  

ca t i on  on t,, R, and s e l e c t i v i t y .  

acetate sa l t s ,  namely l i t h i u m ,  sodium, potassium, rubidium and cesium, was 

selected f o r  t h i s  study. 

and constant pH cond i t ions  using constant cu r ren t  (100 PA) i n  one case and 

constant appl ied vo l tage (20 kV) i n  the  other.  

A ser ies  o f  f i v e  monocharged, a l k a l i  

The inves t i ga t i on  was c a r r i e d  ou t  under d i f f e r e n t  

EXPERIMENTAL 

Mater ia ls :  

The dansyl amino acids used i n  t h i s  study and guanosine were purchased 

from Sigma, and used w i thout  f u r t h e r  p u r i f i c a t i o n .  L i th ium, sodium, 

potassium, rubidium, cesium acetate, and ace t i c  ac id  were purchased from 

Johnson Matthey Alpha Products, Danvers, MA. 

purchased from A ldr ich .  

p rec i se l y  weighing on an ana ly t i ca l  balance the  appropr ia te  s a l t  and 

d i sso l v ing  i t  i n  d i s t i l l e d  deionized water i n  a vo lumet r ic  f l ask .  

requ i red  pH was achieved by t i t r a t i n g  w i t h  d i l u t e  a c e t i c  acid.  

Benzene and mes i t y l  oxide were 

The acetate so lu t ions  (0.1 M) were prepared by 

The 

ADDaratUS and Methods: 

The ana ly t i ca l  balance (Model XA200DS) and t h e  pH meter (Model Accumet 

750) were purchased from Fisher.  A Beckman CZE system (Model P/ACE) equipped 

w i t h  a UV detector,  an automatic i n j e c t o r ,  column c a r t r i d g e  (50 cm x 75 pm 
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i .d., surrounded by coolant) ,  autosampler and a p r i n t e r  was used. A l l  

experiments were c a r r i e d  out a t  20'C using the  constant cu r ren t  mode (100 PA) 

o r  the  constant vo l tage mode (20 kV). 

pressure mode f o r  3 seconds. 

experiments were run  i n  t r i p l i c a t e s  t o  insure  r e p r o d u c i b i l i t y .  

I n j e c t i o n s  were c a r r i e d  ou t  by the  

Solutes were monitored a t  254 nm. A l l  

RESULTS AND DISCUSSION 
Table 1 l i s t s  some of the  physical  parameters o f  t he  f i v e  ca t ions  used 

i n  t h i s  study which may help understand t h e i r  con t r i bu t i on  i n  t h i s  

i nves t i ga t i on ,  wh i l e  Table 2 l i s t s  the  experimental parameters. 

Table 2 reveals a few i n t e r e s t i n g  and useful  po in ts  which should be taken i n t o  

cons idera t ion  when a s a l t  (bu f fe r )  i s  selected f o r  CZE s tud ies :  (a)  t he  pHs o f  

0.1 M so lu t ions  o f  the  f i v e  s a l t s  gave values ranging from 6.45 f o r  CsAc t o  

9.8 f o r  RbAc, w i t h  the  pHs o f  LiAc, NaAc and KAc f a l l i n g  w i t h i n  0.5 pH u n i t s  

of each other;  (b)  the  i o n i z a t i o n  po ten t i a l  o f  the  d i f f e r e n t  ca t ions  decreased 

w i t h  the  s i ze  o f  the  atom; and (c)  w ide ly  d i f f e r e n t  values f o r  vol tages and 

cur ren ts  were observed f o r  each o f  the  s a l t s  when the  o ther  parameter was he ld  

constant. 

increase i n  the  s i z e  o f  the  ca t i on  (18.35 f o r  LiAc t o  11.19 f o r  CsAc), w h i l e  

the  cur ren t  increased almost two f o l d  (111 PA f o r  LiAc t o  215 f o r  CsAc) when 

the  appl ied vo l tage was he ld  constant a t  20 kV. 

values i n  order t o  cont ro l  the  heat generated i n  the  c a p i l l a r y .  

Ohm's Law, i.e., cur ren t  against  appl ied vo l tage should g i v e  a l i n e a r  

re la t i onsh ip ,  however i f  excess heat i s  generated, and cannot be e f f i c i e n t l y  

dissipated, a dev ia t i on  from l i n e a r i t y  w i l l  r e s u l t .  Th is  dev ia t i on  can lead  

t o  i r rep roduc ib le  r e s u l t s  and shorten the  l i f e  o f  t he  column. 

manufacturer o f  the  columns used i n  t h i s  study, recommend t h a t  f o r  a 75 pm 

c a p i l l a r y  the  power generated should no t  exceed 2.5 W/meter. The power i s  

defined as the  product o f  vo l tage and cur ren t .  For LiAc (0.1 M) t h e  power 

generated a t  20 kV i s  2.2 W, wh i l e  f o r  0.1 M CsAc i t  i s  4.3 W. 

ana lys t  can p r e d i c t  t h a t  the  use o f  CsAc may r e s u l t  i n  dev ia t i on  from 

l i n e a r i t y  a t  a lower app l ied  p o t e n t i a l  than LiAc. 

A study o f  

The values o f  the  observed vol tages a t  100 PA decreased w i t h  an 

It i s  important t o  know these 

A p l o t  o f  

The 

Therefore, t he  
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2522 ATAMNA ET AL. 

Table 3. L i s t  o f  amino acids used i n  t h i s  study 
and t h e i r  PK and P I  values 

Arg i  n i  ne 

Leucine 

Pro1 ine  

Methionine 

A1 ani ne 

Cystine 

Glutamic Acid 

Aspar t i c  Acid 

2.02 

2.33 

1.95 

2.17 

2.35 

1.86 

2.13 

1.99 

8.80 

9.74 

10.64 

9.27 

9.87 

8.35 

4.32 

3.90 

10.76 

6.04 

6.30 

5.74 

6.14 

10.34 

9.95 3.08 

10.0 2.98 

It i s  known t h a t  R, i s  d i r e c t l y  p ropor t iona l  t o  the  app l ied  vol tage. 

Therefore, i t  i s  important t o  se lec t  a s a l t  which w i l l  a l low the  app l i ca t i on  

o f  h igh vol tage and a t  the same time g i ve  a reasonable cu r ren t  i n  order t o  

avoid the  generation o f  excess heat i n  the  c a p i l l a r y .  

Table 3 l i s t s  the  pK values and i s o e l e c t r i c  po in ts  ( P I )  o f  t he  amino 

acids used i n  t h i s  study. 

ElectroDhoret ic Seoaration: 

The f i v e  acetate s a l t s  were d isso lved i n  d i s t i l l e d  deionized water and 

used w i thout  any pH adjustment (Table 2) and a f t e r  adjustment o f  the  pH, w i t h  

ace t ic  acid,  t o  pH 6.45 ( t he  pH o f  CsAc). 

were used as the  t e s t  so lu t ion .  The r e s u l t s  show t h a t  as the  c a t i o n  s i z e  

increased the  t, increased and b e t t e r  R, values were obtained. Two peaks 

which coeluted using LiAc, NaAc and KAc bu f fe rs ,  p r o l i n e  and methionine, were 

resolved i n  RbAc and CsAc. 

and RbAc. 

the t e s t  mixture, the t, values were f i v e  times longer  than when LiAc was used 

Dansylated amino ac ids  (Table 3) 

Figure 1 shows the  separations obtained using LiAc 

It i s  worth no t ing  t h a t  although CsAc gave the  best separat ion o f  
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E f f e c t  o f  ca t i on  type  on r e s o l u t i o n  and m o b i l i t y  t imes, f o r  t h e  
dansylated amino acids mixture:  (a) LiAc s o l u t i o n  (0.1 M) and 
(b) RbAc so lu t i on  (0.1 M ) .  Constant cu r ren t  mode a t  100 pAmps. 
C a p i l l a r y  tube: 
20'C;.detection a t  254 nm. Peak assignment f rom l e f t  t o  r i  h t :  
arqinine, 1 eucine, pro1 ine, methi onine, a1 anine, cys t  i ne, gqutami c 
acid, aspar t i c  ac id  and cys te i c  acid. 

50 cm long, 75 pm i.d.; temperature constant a t  

and there  was no change i n  the  e l u t i o n  order o f  the  so lu tes .  

r e s o l u t i o n  o f  t he  e a r l y  e l u t i n g  peaks was r e a l i z e d  w i t h  an increase i n  t h e  

s i z e  o f  the  c a t i o n  ( f i g u r e  2), which a lso  caused the  l a t e  e l u t i n g  peaks t o  be 

re ta ined  f o r  l ong  per iods o f  t ime which are unacceptable i n  r o u t i n e  ana lys i s  

(see f i g u r e  1). 

Be t te r  

Another observat ion i s  t h a t  t he  spread i n  e l u t i o n  t imes 
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Li + 

6.5 8.0 

0 z 
2 

5: 
0. 

0 
9 

0 0 0 0 

Na + 

_1_7 
9.0 10.5 11.5 13.0 

Time (min) 

E f f e c t  o f  t he  ca t i on  type  on the  r e s o l u t i o n  and m o b i l i t y  t imes o f  
the  dansylated leucine, p ro l i ne ,  methionine and alanine, a t  
constant vol tage o f  20 kV and constant pH o f  6.45. The so lu t ions '  
concentrat ions are 0.05 M; temperature constant a t  ZO"C, detec t ion  
a t  254 nm. 

Figure 2. 

( s e l e c t i v i t y )  between the  f i r s t  and the  l a s t  e l u t i n g  peaks increased 

considerably w i t h  increase i n  s i ze  o f  the  ca t ion .  

for both pH adjusted and unadjusted so lu t ions .  

These t rends  were observed 

The increase i n  m o b i l i t y  t imes w i t h  the  decrease i n  charge dens i t y  

(charge per un i t  volume) i s  supported by the  Debye and Huckel theory  (8,9), 

where the  po ten t i a l  a t  c e r t a i n  distance from the  wa l l  o f  t he  c a p i l l a r y  i s  

equal t o :  

$x = Ae-"/x 
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where x i s  t he  distance, A i s  a f a c t o r  r e l a t e d  t o  the  charge o f  t he  cen t ra l  

i o n  (Li', Na', Kf, Rb', Cs'), and l/n i s  t he  th ickness o f  t h e  double l aye r .  

The zeta p o t e n t i a l  a t  t h e  s l i p p i n g  o r  shear plane i s  equal t o :  

where a i s  d is tance where zeta po ten t i a l  i s  defined, Q i s  t h e  charge dens i t y  

o r  valence and D i s  the  d i e l e c t r i c  constant o f  t he  medium. 

i s  l i n e a r l y  p ropor t iona l  t o  the  charge dens i t y  o f  t he  cen t ra l  ions  (Li', Na', 

K', Rb', Cs'). 

The ze ta  p o t e n t i a l  

The von Smoluchowski equation (8) der ived  f o r  t he  measurement o f  t he  

e lec t rophore t i c  v e l o c i t y  o f  p a r t i c l e s  o f  any shape, i s  g iven  by: 

s u b s t i t u t i n g  the  value o f  +, from equation 2 i n  equat ion 3 gives: 

u = (QE/4rr)a). l / ( l+na)  ( 4 )  

This  important equation c l e a r l y  shows the  l i n e a r  dependence o f  t he  

e lec t rophore t i c  v e l o c i t y  on the  charge densi ty,  which i n  our i n v e s t i g a t i o n  

decreases as t h e  atomic weight o f  the  c a t i o n  increases (Cs'<Rb'<K'<Na'<Li'), 

and i s  a lso  r e l a t e d  t o  the  i o n i z a t i o n  p o t e n t i a l  o f  t he  metals, Table 1, which 

decreases w i t h  s ize .  

Since a l l  experimental parameters were the  same except f o r  t he  a l k a l i  

ca t ions  i n  the  b u f f e r  so lu t ions ,  pe, V and L are constant. Therefore, 

measurement o f  pe0 i n  each s o l u t i o n  should exp la in  the  d i f f e r e n c e  i n  t,, 

equat ion 5. 

where peO i s  e lectroosmotic f low, pe = e lec t rophore t i c  m o b i l i t y ,  V = app l ied  

p o t e n t i a l  and L i s  column length.  
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Table 4. Measurement o f  t he  electroosmotic f l o w  o f  
benzene, guanosine and mes i ty l  ox ide  i n  
0.05 M (pH 6.5  b u f f e r s  a t  an app l ied  
vo l tage o f  20 1v a t  20.c 

fie,-Benzene 

So lu t ion  (105) 
LiAc 51 -00 

NaAc 47.50 

KAc 46.80 

RbAc 41.67 

CsAc 37.00 

fi,,-Guanosi ne fi,,-Mesityl -oxide 

1 lo5 cm2/V. sl (lo5 cm2/V.s) 

50.00 49.20 

47.20 46.80 

44.40 45.70 

40.61 40.45 

36.40 35.70 

Several methods have been publ ished f o r  t he  measurement o f  fie,. These 

methods include the  use o f  neut ra l  compounds such as toluene, phenol and 

mes i ty l  oxide (10-12). A l t r i a  e t  a1 (13) and Everearts e t  a1 (14)  measured 

fie, by weighing the  volume o f  b u f f e r  t rans fe r red  from the  anode t o  the  cathode 

( o r  v i c e  versa) over a spec i f ied  per iod  o f  t ime. 

t o  ge t  an accurate value f o r  fie,, t h ree  neut ra l  compounds, namely mes i ty l  

oxide, guanosine and benzene, were used. 

the  shape and s ize  o f  t he  non- ionized molecule has any e f f e c t  on pea. 
l i s t s  the  fieo values o f  the  th ree  markers using the  f i v e  t e s t  so lu t i ons  a t  pH 

6.45, and an app l ied  vo l tage o f  20 kV. 

compounds were used as markers no appreciable d i f f e rence  i n  pea was observed 

under the  same b u f f e r  condi t ions.  

the  th ree  markers decreases w i t h  the  s ize  o f  the  c a t i o n  i n  the  a l k a l i  b u f f e r  

so lu t ion ,  which accounts f o r  the  increase i n  t, w i t h  increase o f  atomic weight 

o f  t he  ca t ion .  

I n  t h i s  work, and i n  order 

These were selected t o  determine i f  

Table 4 

Although d i f f e r e n t  s i z e  and shape 

However, i t  i s  c lea r  t h a t  fie, o f  each o f  
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