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MICELLAR ELECTROKINETIC CAPILLARY 
CHROMATOGRAPHY BASIC CONSIDERATIONS 

AND CURRENT TRENDS 

GEORGE M. JANIN1 AND RALEEM J .  ISSAQ 
Progmm Resources, Inc.lDynCorp 

NCI-Frederick Cancer Research and Development Center 
P. 0. Bax B 

Frederick Maryland 21702-1201 

ABSTRACT 

A b r i e f  review o f  mice l la r  e lec t rok ine t ic  cap i l l a ry  chromatography i s  
presented. Basic theory o f  MECC, a discussion o f  types o f  micel les i n  MECC and 
i t s  app l i ca t ion  t o  d i f f e r e n t  classes o f  compounds i s  presented. Selected 
examples, which i l l u s t r a t e  the advantages o f  MECC over cap i l l a ry  zone electropho- 
r e s i s  are also given. 

INTRODUCTION 

Andrews, i n  the in t roduc t ion  t o  h i s  book on electrophoresis, wrote 

“Electrophoresis has evolved w i th in  the l a s t  t h i r t y  years from a general low 

reso lu t ion  method o f  r e l a t i v e l y  l i m i t e d  app l ica t ion  i n t o  a wide va r ie t y  o f  

ana ly t i ca l  and small scale preparative techniques o f  unr iva l led  reso lv ing  power 

and exceptional v e r s a t i l i t y .  These qua l i t i es  have resu l ted  i n  a v i r t u a l  

explosion i n  t h e i r  use especial ly i n  the  f i e l d  o f  biochemical research. Methods 

are being constant ly improved and modified, new var ia t ions  introduced and new 

equipment b u i l t  and y e t  new areas o f  exp lo i t a t i on  opened up” (1). 

I n  par t i cu la r ,  the recent development o f  cap i l l a ry  zone electrphoresis 

(CZE) (2-5) have not only presented the researchers w i th  the po ten t ia l  f o r  
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JANINl AND ISSAQ 928 

achieving rapid high-resolution of macromolecules, but it also opened the way for 

the application of electrophoresis to the separation of small molecules such as 

inorganic and organic ions, amino acids, peptides and oligonucleotides (3,6-8). 

Furthermore, the development of micellar electrokinetic capillary chromatography 

(MCCC) has allowed the extention of this method for the separation of neutral 

conipounds (4,9). 

Although CZE is compared to chromatography, yet as a separation technique 

it has its specific features. The separation is achieved by differential 

migration of charged solute molecules in a semi-conducting buffer under the 

influence of an electric field gradient. MECC is more like a combination of CZE 

and micellar 1 iquid chromatography. Neutral solutes are separated by differen- 

tial partitioning while ionic solutes are influenced by differential partitioning 

and different i a1 migration mechanisms. 

Micellar liquid chromatography was first proposed in 1977 by Armstrong and 

co-workers (10). This technique involves the addition of surfactant ions above 

their critical micelle concentration (CMC) to the mobile phase in order to 

control or adjust solute retention. Compounds are separated based on their 

differential partitioning between the aqueous mobile phase and the hydrophobic 

interior o f  the micelles. The multiplicity of interactions which micellar 

systems provide (hydrophobic, electrostatic and hydrogen bonding) cannot be 

duplicated by conventional normal or reversed mobile phase systems. 

The first use of micelles (surfactant aggregates as buffer modifiers) in 

CZE was reported by Terabe et al. (4). By adding sodium dodecyl sulphate (SDS) 

to the buffer at concentrations above its CMC they were able to separate fourteen 

phenol derivatives within 19 minutes, figure 1. Theoretical plate numbers were 

not as high as could be achieved by CZE because of the resistance to mass 

transfer that is introduced by solute partitioning between the bulk buffer and 

the micelles. However, column efficiency was much higher than could be achieved 

by high-pressure 1 iquid chromatography (HPLC) because the buffer is 

electroosmotically driven through the capillary resulting in a flat-flow profile. 
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FIGURE 1. E lec t rok ine t ic  separatlon o f  phenols w i th  an SDS solut ion:  (1) 
water, (2) acetylacetone, (3) phenol, (4) o-cresol, (5) m-cresol, 
(6) p-cresol, (7) o-chlorophenol, (8) m-chlorophenol. (9) p- 
chlorophenol, (10) 2,6-xylenol, (11) 2,3-xylenol, (12) 2,5-xylenol, 
(13) 3,4-xylenol, (14) 3,5-xylenol, (15) 2,4-xylenol, (16) p- 
ethylphenol; m ice l la r  solution, 1 mnol o f  SDS i n  20 mL o f  borate- 
phosphate buffer,  pH 7.0; current, 28 @; detect ion wavelength, 270 
nm; temperature, ca. 25'C. (Reprinted w i th  permission). 

Since t h i s  i n i t i a l  repor t  (4) the general method termed MECC by Burton e t  

a l .  (11) has developed i n t o  a p rac t ica l  separation technique (5,8,9,11-95). 

Barr ing unintent ional  omissions t h i s  l i s t  o f  references covers the MECC 

1 i t e r a t u r e  ra ther  comprehensively. Various aspects o f  MECC were summarily 

covered i n  reviews on cap i l l a ry  electrophoresis (96-98). To date, the most 

comprehensive reviews o f  MECC are those published by Sepaniak (99) and Kuhr 

(100). 

Spec i f i ca l l y ,  MECC was used f o r  the separation o f  nucleic acid const i tuents 

(8,20,39,67,78), ami no acids and pept ides (23 , 45,64,70,85,111) v i  t ami ns ( 11,28, - 
29,31,47,70,88), drugs and phannaceut i c a l  s (15,27,28,37,43,47,48,50,56,57,71, - 
72,74,75,86,89), ch i  r a l  compounds (22,23,44-46,50,66,94), ac id ic  sol  Utes 

(37,55,77,82), phenols (4,60), phthalates (69), i so top i ca l l y  subst i tuted 

compounds (34,42), hydrophobic and aromatic compounds (11,65,66,91,92), metal 

chelates (38). catechols and catechol amines (68), amines (17,26,48), ca t ion ic  

compounds (901, and other miscellaneous classes o f  compounds (32,33,37,38,58,- 

76,77,93). 
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930 JANINI AND ISSAQ 

The purpose o f  t h i s  paper i s  t o  preview MECC bas ic  separat ion p r i n c i p l e s  

and op t im iza t ion  procedures; t o  present selected examples i n  order t o  i l l u s t r a t e  

t y p i c a l  app l i ca t i on  and t o  i d e n t i f y  po ten t i a l  f u t u r e  d i rec t i ons .  

MICELLES 

Mice l les  are aggregates o f  sur fac tan t  molecules which are a c lass  o f  

compounds t h a t  e x h i b i t  amphiphi l ic  p roper t ies .  Amphiphi l ic  molecules possess 

boi h hydroph i l i c  and hydrophobic regions t h a t  are s p a t i a l l y  separated. The 

hydrophobic reg ion  o f  t he  molecule i s  e i t h e r  a s t r a i g h t  o r  a branched chain 

hydrocarbon o r  a s te ro ida l  skeleton. The hyd roph i l i c  head, on the  o ther  hand, 

i s  s t r u c t u r a l l y  more d iverse  w i t h  ca t i on i c ,  anionic,  z w i t t e r i o n i c  and nonionic 

p o ! s i b i l i t i e s .  Surfactants can be c l a s s i f i e d  as an ion ic  (R-X-M'), c a t i o n i c  (R- 

N'(CH,),X-), z w i t t e r i o n i c  (R-(CH,),N'CH,X-) o r  nonionic (R(OCH,CH,)),OH where R i s  

a long a l i p h a t i c  chain, M' i s  a metal ion,  X- i s  a halogen, CO, o r  SO,-' and n i s  

an in teger .  Sodium dodecyl s u l f a t e  (SDS) i s  an example o f  an an ion ic  sur fac tan t ,  

hexadecyltrimethylammonium bromide i s  an example o f  a c a t i o n i c  sur fac tan t ,  N -  

decy lsu l ta ine  [SB-lo] i s  an example o f  a z w i t t e r i o n i c  sur fac tan t  and polyoxy- 

ethylene(23)dodecanol (B r i j - 35 )  i s  an example o f  a neut ra l  sur fac tan t .  B i l e  

s a l t s  ( s te ro ida l  skeleton) can associate i n  water t o  form m ice l l es  which passes 

a hyd roph i l i c  and a hydrophobic face. Each b i l e  s a l t  aggregate i s  formed o f  2-8 

moriomers he ld  together  by hydrophobic i n te rac t i ons .  Regardless o f  t he  s t ruc tu re  

o f  the hyd roph i l i c  moiety, i t  i s  genera l l y  accepted t h a t  hydrophobic i n te rac t i ons  

are the  main d r i v i n g  fo rce  f o r  m ice l l e  format ion i n  aqueous media. The s t ruc tu re  

o f  t h e  m i c e l l e  i s  e i t h e r  spher ical  o r  c y l i n d r i c a l  depending, t o  a l a rge  extent,  

on the  s t ruc tu re  o f  t he  surfactant molecules and t h e i r  concentrat ion.  M i c e l l a r  

s t ruc tu re  i s  a lso  a f fec ted  by experimental parameters such as temperature, 

pressure, pH, i o n i c  s t rength  and presence o f  impur i t ies .  A t  t he  onset o f  

format ion o f  m ice l l es  from the  monomers, t he  s t ruc tu re  i s  spher ica l  f o r  a l a rge  

number o f  amphiphiles. A t  h igher sur fac tan t  concentrat ions the  physico-chemical 

p roper t i es  i nc lud ing  m ice l l e  s t ruc tu re  change d i f f e r e n t l y  f o r  d i f f e r e n t  systems. 
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MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY 93 1 

For most surfactants the  physico-chemical propert ies remain approximately the 

same o r  vary t o  a constant ra te  up t o  very high surfactant concentration. For 

some systems, a number o f  physico-chemical properties, including mice l le  shape, 

s ize  and hydrocarbon chain conformation, undergo ra ther  dramatic changes as the 

surfactant concentration i s  increased. A t  h igh surfactant concentrations 

amphiphile association i s  not l i m i t e d  t o  the formation o f  r e l a t i v e l y  small 

spherical micel les but t ha t  association may progress t o  the formation o f  very 

la rge  aggregates and l yo t rop i c  l i qu id -c rys ta l1  ine phases. 

One o f  the most s t r i k i n g  propert ies o f  mice l la r  systems, t h a t  i s  re levant 

t o  t h e i r  use i n  chemical separation, i s  t h e i r  a b i l i t y  t o  so lub i l i ze  compounds 

t h a t  are normally insoluble o r  only s l i g h t l y  soluble i n  water.' So lub i l i za t i on  

s t a r t s  a t  the  c r i t i c a l  m ice l le  concentration (CMC), and increases i n  proport ion 

t o  mice l le  concentration. The extent o f  so lub i l i za t i on  depends on the propert ies 

o f  the  so lub i l i za te  and surfactant and i s  also af fected by experimental 

parameters. 

The most important parameter, w i th  respect t o  mice l le  formation, i s  the 

surfactant concentration. A t  low concentration and a t  temperatures above the 

c r i t i c a l  m ice l le  ( K r a f f t )  temperature the surfactant i s  dispersed i n  the aqueous 

media a t  the molecular l eve l .  As the surfactant concentration exceeds a minimum 

value, the molecules associate t o  form mice l la r  assemblies. The average number 

o f  molecules per mice l le  i s  termed the aggregation number. Typical ly,  micel les 

are composed o f  40-140 molecules each. The surfactant concentration a t  the onset 

o f  m ice l le  aggregation i s  termed the c r i t i c a l  m ice l le  concentration (CMC). A t  

25'C and 1 atm. the CtK i s  t y p i c a l l y  less  than 20 mM. 

The molecular organizat ion o f  micel les i n  aqueous solut ions i s  described 

as fo l lows. The hydrophobic moieties are or iented inward forming a non-polar 

core and the hydroph i l i c  head groups are i n  contact w i th  the bu lk  aqueous phase. 

From a physico-chemical po in t  o f  view t h i s  could be looked a t  as an example o f  

molecular complex formation o r  a pseudo phase separation; the two pseudo phases 

formed being the aqueous phase and the mice l la r  phase. Both models have been 
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JANINI AND ISSAQ 932 

used t o  descr ibe the  physico-chemical p roper t i es  o f  mice l les ,  however, t he  phase 

separat ion model i s  p a r t i c u l a r l y  useful  f o r  descr ib ing  s o l u b i l  i z a t i o n  proper t ies  

of m i c e l l a r  systems and how so lu te  s o l u b i l i t y  va r ies  w i t h  su r fac tan t  concentra- 

t i on .  

Because o f  t he  g rea t  d i v e r s i t y  o f  organized su r fac tan t  aggregates and t h e i r  

unique s o l u b i l  i z a t i o n  proper t ies ,  they have found numerous p r a c t i c a l  app l i ca t ions  

i n  many areas o f  separat ion science. M ice l l es  can d i f f e r e n t i a l l y  s o l u b i l i z e  and 

b ind  a v a r i e t y  o f  so lu te  molecules v i a  hydrophobic, e l e c t r o s t a t i c  and hydrogen- 

bonding i n te rac t i ons .  The s o l u b i l i z a t i o n  p roper t i es  f o r  a spec f ic  so lu te  can be 

con t ro l l ed  by: v a r i a t i o n  o f  sur fac tan t  head-group type o r  hydrocarbon region; 

v a r i a t i o n  o f  su r fac tan t  concentration; add i t i on  o f  appropr ia te  add i t i ves  such as 

organic solvents,  i o n i c  sa l t s ,  cyc lodex t r ins ,  i o n - p a i r i n g  and complexing agents; 

o r  by manipulat ion o f  the  experimental parameters such as pH ( f o r  i on i zab le  

solutes) and temperature. When used as add i t i ves  t o  the  mobi le phase i n  HPLC o r  

the b u f f e r  i n  CZE the  r e s u l t i n g  enhanced s e l e c t i v i t y  i s  unmatched by any o ther  

s ing le  separat ion technique. M ice l l es  d i f f e r e n t i a l l y  s o l u b i l  i z e  s t r u c t u r a l l y  

s i m i l a r  solutes.  Both hyd roph i l i c  ( i o n i c  and po la r )  and hydrophobic so lu tes  can 

be simultaneously separated, because so lu tes  can i n t e r a c t  w i t h  t h e  mice l les  v i a  

a combination o f  e l e c t r o s t a t i c ,  hydrophobic and hydrogen-bonding forces. 

Mice l les  a l l ow  f o r  d i r e c t  i n j e c t i o n  o f  untreated b i o l o g i c a l  f l u i d s  because 

s o l u b i l i z a t i o n  o f  t he  f l u i d s  by the  sur fac tan t  prevent p r o t e i n  p r e c i p i t a t i o n .  

Furthermore, m i c e l l a r  systems allow, i n  some s p e c i f i c  app l i ca t i ons  f o r  new o r  

enhanced modes o f  detect ion.  On the  negat ive side, some m i c e l l a r  systems are 

o p t i c a l l y  opaque which l i m i t s  the  wavelength range ava i l ab le  f o r  so lu te  

spectroscopic de tec t ion .  M i c e l l a r  systems are viscous which may cause 

compl icat ions i n  HPLC but  no t  i n  CZE. F ina l l y ,  one o f  t he  most ser ious 

disadvantages o f  us ing  m i c e l l a r  add i t i ves  i s  t he  r e s u l t i n g  diminished column 

e f t i c i e n c y  i n  comparison w i t h  HPLC wi th  hydro-organic mobi le phases and CZE w i t h  

unniodi f i  ed bu f fe rs .  
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For informat ion on the  fonnation and propert ies o f  m ice l l a r  systems the 

reader i s  re fe r red  t o  the  excel lent  books by Mukerjee and Hysels (101). Tanford 

(102) and the exce l len t  reviews by Wennerstrom and Lindman (103) and by Hinze 

(104). 

THEORY 

Electrophoresis involves the migrat ion o f  charged pa r t i c l es  i n  a semi- 

conducting f l u i d  under the inf luence o f  an e l e c t r i c  f i e l d .  I on i c  and ion izab le  

solutes are separated based on di f ferences i n  charge, s ize  and shape. When a 

charged p a r t i c l e  i s  placed i n  an e l e c t r i c  f i e l d  (E) i t  experiences a force which 

i s  proport ional  t o  i t s  e f fec t i ve  charge (4) and the e l e c t r i c  f i e l d  strength. The 

t rans la t iona l  movement o f  the  p a r t i c l e  i s  opposed by a viscous drag force which 

i s  proport ional  t o  the p a r t i c l e  ve loc i t y  (V), hydrodynamic radius (r) and medium 

v i scoc i t y  ( q ) .  When the  two forces are counterbalanced the  p a r t i c l e  moves w i t h  

a steady s ta te  ve loc i t y  (3) :  

where pef i s  the  electrophoret ic mob i l i t y  and E i s  the  applied voltage per u n i t  

column length (L). Electroosmosis i n  cap i l l a ry  tubes, on the other hand, re fe rs  

t o  the  propulsion o f  the bulk solvent i n  the  tube under the inf luence o f  an 

applied e l e c t r i c  po ten t ia l .  The surface o f  s i l i c a  consists o f  Si-OH groups which 

are ionized t o  S iO ’  i n  a l ka l i ne  and s l i g h t l y  ac id i c  media (PH>2). The negat ively 

charged surface i s  counterbalanced by pos i t i ve  ions from the b u f f e r  and a double 

layer  i s  formed. Under the inf luence o f  an applied po ten t ia l  the pos i t i ve  ions 

i n  the  d i f f u s e  region migrate towards the  cathode and i n  so doing they en t ra in  

the water o f  hydrat ion resu l t i ng  i n  electroosmotic flow. The equations o f  f low 

are i den t i ca l  t o  those developed f o r  electrophoret ic migrat ion since both 

phenomena are complementary. The electroosmotic ve loc i t y  (V,P i s  given by: 
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934 JANINI AND ISSAQ 

(2) 

where p ,  i s  t h e  electoosmotic mob i l i t y .  p,, depends, t o  a l a r g e  extent,  on the  

magnitude o f  t he  Zeta p o t e n t i a l  a t  the  c a p i l l a r y  wa l l  b u l k  b u f f e r  i n te r face .  The 

Zeta po ten t i a l  i s  l a r g e l y  dependent on the  e l e c t r o s t a t i c  na ture  o f  t h e  wa l l  

surface and, t o  a smal ler  extent,  on t h e  i o n i c  nature o f  the  bu f fe r .  

Electroosmotic f l o w  i s  d i r e c t l y  p ropor t iona l  t o  t h e  Zeta p o t e n t i a l  and f o r  

untreated c a p i l l a r y  wa l l s  it, general ly,  decreases w i t h  decreasing pH, because 

the hydrogen ions deac t iva te  the  column surface causing a decrease i n  the  Zeta 

po ten t i a l .  A t  moderate pH values (>3)  electroosmotic f low w i t h  untreated 

c a p i l l a r y  columns i s  genera l l y  h igher  than e lec t rophore t i c  f l o w  causing a l l  

so lu tes  (ca t ion ic ,  neut ra l ,  an ion ic )  t o  migra te  towards the  de tec t i on  end o f  the  

column. Cat ion ic  and an ion ic  so lu tes  are separated based on d i f f e r e n t i a l  

e lec t roph i l  i c  m ig ra t i on  wh i l e  neut ra l  so lu tes  co-migrate w i t h  the  electroosmotic 

f l o w  v e l o c i t y  and are no t  separated (97,105). 

When an i o n i c  sur fac tan t  i s  added t o  the  b u f f e r  a t  concentrat ions above i t s  

CM( , sur fac tan t  monomers tend t o  aggregate forming mice l les .  The surface o f  the 

m i t e l l e s  acquire a charge which g ives  them an e lec t rophore t i c  mob i l i t y .  

Negatively-charged m ice l l es  (such as SDS) migra te  e l e c t r o p h o r e t i c a l l y  towards the  

anode and pos i t i ve ly -charged mice l les  (such as CTAB) migra te  e l e c t r o p h o r e t i c a l l y  

towards the  cathode. The e lec t rophore t i c  motion i s  opposed by the  electroosmotic 

motion (4,9,97). Since the  electroosmotic v e l o c i t y  f o r  most systems (see r e f .  

51 f o r  exceptions) i s  h igher  than the  e lec t rophore t i c  ve loc i t y ,  t he  ne t  migra t ion  

o f  negat ively-charged m ice l l es  w i l l  be towards the  cathode and t h e  ne t  migra t ion  

o f  pos i t i ve ly -charged m ice l l es  w i l l  be towards the  anode. I n  both cases, neut ra l  

soiutes,  which are  n o t  separated by conventional CZE, p a r t i t i o n  between the  slow 

moving m i c e l l a r  phase and t h e  f a s t e r  moving aqueous b u f f e r  phase r e s u l t i n g  i n  

r e t e n t i o n  and separat ion based on d i f f e r e n t i a l  s o l u b i l i z a t i o n  i n  the  m i c e l l a r  

phase. The mechanism o f  r e t e n t i o n  i n  MECC i s ,  therefore,  s i m i l a r  t o  t h a t  o f  
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MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY 935 

1 i q u i d - l i q u i d  chromatography w i th  a m ice l l a r  stat ionary phase and an aqueous 

b u f f e r  s ta t ionary  phase. The major di f ference i s  t h a t  solute re ten t i on  i n  MECC 

f a l l s  i n  a t i m e  i n te rva l  between the re ten t ion  time o f  a so lu te  t h a t  has no 

i n te rac t i on  w i th  the  micelles, i.e. moves w i th  the buffer 's osmotic ve loc i t y  and 

the re ten t i on  t ime  o f  a solute t h a t  i s  t o t a l l y  so lub i l i zed  i n  the  micel les (4 ,9) .  

The fundamental equations o f  re ten t ion  i n  MECC were f i r s t  derived by Terabe 

For neutral  solutes the capacity fac to r  (k') i s  given by: 
a 

and co-workers (4). 

where t, i s  so lu te  re ten t ion  time, to i s  the re ten t ion  time o f  a so lu te  w i th  no 

i n te rac t i on  w i t h  the micel les ( f o r  example, mesi ty l  oxide) and t, i s  the 

re ten t i on  time o f  a solute t h a t  i s  completely so lub i l i zed  by the  micel les [ f o r  

example, Sudan 111). Terabe e t  a l .  (9) used as a symbol f o r  the capaci ty 

fac to r  i n  HECC t o  emphasize the di f ference from conventional chromatography. 

Algebraic manipulation o f  eq. 3 read i l y  y i e l d  the fo l low ing  expression for tRn 

(9): 

l + P  
1+ [ to /  t,l x t, = , to 

As t,+-which i s  the  condi t ion f o r  a stat ionary mice l la r  phase, eq. 3 

reduces t o  the fundamental equation o f  chromatography: 
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936 JANINI AND ISSAQ 

Rather than deriving eq. 3 from basic principles as was done by Terabe and 

co-workers (4 ) ,  we arrived at eq. 3 from eq. 5 as follows: Solute corrected 

retention time in chromatography format (tR-to) is longer than solute corrected 

retention time with MECC format (tRl-to) by a factor equal to the ratio o f  solute 

velocity in MECC format (V,) to solute velocity assuming the micelles are 

stationary (VS-V,J, where V, is the velocity o f  the micelles. Substituting for 

tR-to in eq. 5 we get: 

Eq. 3 is obtained from eq. 6 by simple algebraic rearrangement after substituting 

for the velocities according to the relationships V, = L/t, and V, = L/t,. 

The resolution equation was also given by Terabe et al. (9): 

where N is the plate number, and Q is the separation factor which is equal to 

k’2/ k’,. Here again the analogy to conventional chromatography is obvious. As 

t,+-eq. 7 reduces to the equation o f  resolution in chromatography. Unlike 

chromatography, large “kvalues do not lead to better resolution because the last 

term in eq. 7 decreases as i‘ increases. From their discussion of the signifi- 

cance of the last two terms of eq. 7, Terabe and co-workers (9) conclude that for 

a given value o f  tJt,, there i s  an optimum value of i‘ that maximizes the 
rescilution at a given value o f  N and Q. 

..,* 
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Foley (106) presented an in te res t ing  discussion o f  opt imizat ion i n  MECC 

which included a comprehensive review o f  the relevant l i t e r a t u r e ,  and concluded 

t h a t  a l l  the variables, except surfactant iden t i t y ,  have very l i t t l e  e f f e c t  on 

s e l e c t i v i t y  f o r  neutral  solutes. I n  h i s  view, MECC i s  much r e s t r i c t e d  w i th  

respect t o  cont ro l  o f  s e l e c t i v i t y  i n  comparison t o  HPLC. A va r ie t y  o f  fac to rs  

have been studied f o r  t h e i r  e f f e c t  on se lec t i v i t y ,  including appl ied voltage 

(21), pH (15,29,80,105,107), organic modif ier  (30,80,105), surfactant type 

(11,21,35), and surfactant concentration (15,20,29). Factors a f fec t i ng  column 

e f f i c i ency  were also examined by several workers including appl ied voltage 

(16,35), electroosmotic ve loc i t y  (35), column dimensions (16,107), bu f fe r  

concentration (16), temperature (26,35), surfactant concentration (16,26,35), 

sample i n j e c t i o n  techniques (20,35), and the e lu t i on  range (9,17,21). 

More recent ly,  Ghowsi e t  a l .  (108) derived MECC re ten t ion  and reso lu t ion  

equations i n  a manner analogous t o  CZE. Column e f f i c i ency  was treated w i th  the 

appropriate parameters o f  the Van Deemter equation and reso lu t ion  was optimized 

f o r  the  d i f f e r e n t  p o s s i b i l i t i e s  o f  mice l le  migration. For pos i t i ve  and zero 

migrat ion mob i l i t y  the  range o f  capacity fac to r  f o r  optimum reso lu t ion  (2-5) i s  

comparable t o  tha t  f o r  HPLC. 

The theory o f  re ten t ion  i n  MECC was fu r the r  extended by Khaledi and co- 

workers t o  cover anionic (82) and ca t ion ic  (90) solutes. A mathematical model 

was advanced tha t  would al low the pred ic t ion  o f  migrat ion behavior o f  solutes 

based on a l i m i t e d  number o f  experiments. The pH and rnicelle concentration were 

found t o  be i n te rac t i ve  and it was concluded tha t  the most e f fec t i ve  strategy t o  

enhance the  separation o f  i on i c  solutes i s  t o  optimize these two parameters 

s i mu1 taneousl y . 

TYPES OF MICELLS USED I N  MECC 

Terabe e t  a l .  (4) ,  developed MECC f o r  the separation o f  neutral  solutes. 

However, today MECC i s  used t o  enhance the s e l e c t i v i t y  f o r  the separation o f  

neu t ra l  as we l l  as i o n i c  solutes. Wellingford and Ewing (25) were able t o  use 
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938 JANINI AM) ISSAQ 

MECC t o  reso lve  a mix tu re  o f  neut ra l ,  i o n i c  and z w i t t e r i o n i c  compound. I n  th is 

sec t ion  we w i l l  present examples t h a t  w i l l  i l l u s t r a t e  t h e  use o f  MECC i n  i t ' s  

var ious modes inc lud ing  b u f f e r  mod i f i ca t i on  i n  order t o  g i v e  the  reader a general 

idea o f  t he  u t i l i t y  and app l i ca t i on  o f  MECC. 

Anionic. Cat ionic,  Z w i t t e r i o n i c  and Neutral  Surfactants:  

The f i r s t  MECC work was publ ished i n  1984 by Terabe e t  a l .  (4) who were 

able t o  reso lve  a mix tu re  o f  14 phenol de r i va t i ves  using 1mM SDS i n  a b u f f e r  made 

by t i t r a t i n g  0.025 M te t rabo ra te  so lu t i on  w i t h  0.05 M sodium dihydrogen phosphate 

t o  pH 7.0. The mix tu re  was resolved i n  l e s s  than 20 minutes ( f i g u r e  1 ) .  

Sodium te t radecy l  sulphate (STS) was used w i t h  a borate-phosphate b u f f e r  

(pH 7.0) t o  reso lve  a mix tu re  o f  aromatic compounds (9). Burton e t  a l .  (21) 

evaluated the  use o f  f o u r  common sur fac tan ts  as "pseudo s ta t i ona ry "  phases i n  

M E U .  Two an ion ic  surfactants,  SDS and STS and two c a t i o n i c  surfactants,  

dodecyltrimethylammonium ch lo r i de  (DTAC) and cetyltrimethylammonium ch lo r i de  

(CTAC) were studied, using a mix tu re  o f  ac id ic ,  basic, e lectron-withdrawing and 

neut ra l  compounds. They concluded t h a t  the  SDS m i c e l l a r  system i s :  (a)  s i m i l a r  

t o  teversed phase i n  HPLC f o r  moderately water so lub le  compounds; and (b) s tab le  

and su i tab le  f o r  a wide range o f  compounds. Using STS t o  extend the  e l u t i o n  

ranqe was unsat is fac to ry ,  due t o  poor re ten t i on  r e p r o d u c i b i l i t y  (21). The 

ca t l on i c  sur fac tan t  CTAC was found t o  be use fu l  f o r  l a rge  molecular weight 

solirtes. I n  a 

previous study Otsuka e t  a l .  (11,19) compared the  separat ion o f  22 PTH-amino 

acids using SDS and dodecyltetraamnonium bromide (DTAB) . McNair and co-workers 

(84 s tud ied  the  use o f  sodium a l k y l  sulphates, namely SDS and STS, as pseudo 

pha-es t o  reso lve  the  ASTM t e s t  mix tu re  LC-79-2. They were able t o  achieve good 

r e s o l u t i o n  o f  benzyl alcohol, acetophenone, methyl benzoate and dimethyl-  

t e w p t h a l a t e  from benzene and benzaldehyde which coeluted us ing  SDS. I n  the  

ranqe o f  0.025-0.075 M SDS i t  was no t  poss ib le  t o  reso lve  benzene from benzalde- 

hyde. Attempts t o  improve reso lu t i on  by using STS o f  d i f f e r e n t  concentrat ions 

The ac id i c  compounds were more re ta ined  by CTAC and DTAC (21). 
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MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY 939 

were not feasible.  Minor di f ferences i n  the s e l e c t i v i t y  o f  both SDS and STS were 

observed. 

Non ion i c  and zw i t t e r i on i c  surfactants were used as micel les t o  enhance the 

s e l e c t i v i t y  o f  the separation by CE (56) .  Octyl 8-D-glucoside and CHAPS above 

t h e i r  CMC were used i n  a phosphate bu f fe r  t o  resolve desipramine from n o r t r i p t y -  

l i ne ,  which d i f f e r e d  only by one proton. Also, they were used t o  resolve two 

heptapeptides which d i f f e r e d  by the subs t i tu t ion  o f  isoleucine f o r  va l ine  a t  the 

fou r th  residue from the  N-terminus. 

B i l e  Salts: 

B i l e  sa l t s  are b io log ica l  surfactants which are synthesized i n  the l i v e r .  

They form small micelles, up t o  ten  monomers, by the hydrophobic i n te rac t i on  

between the  nonpolar sides o f  the monomers. Terabe e t  a l .  (45) used b i l e  sa l t s  

which extends the u t i l i t y  o f  MECC t o  hydrophobic species t o  resolve a mixture o f  

racemic DNS-amino acids. Later, Nishi  e t  a l .  (50) studied 4 b i l e  sa l ts ,  namely, 

sodium cholate, sodium deoxycholate, sodium taurocholate and sodium 

taurodeoxycholate, as c h i r a l  micel les f o r  the separation o f  op t ica l  isomeric 

drugs. A so lu t ion  o f  0.05 M b i l e  s a l t  was prepared i n  a 0.02M phosphate-borate 

bu f fe r  a t  two d i f f e r e n t  pH values 7.0 and 9.0. Differences i n  the separation 

were observed when the d i f f e r e n t  b i l e  acids were used a t  pH 7.0 and pH 9.0. The 

reduct ion i n  bu f fe r  so lu t ion  pH, using these anionic b i l e  sal ts,  g rea t l y  

increases c h i r a l  recogni t ion f o r  compounds tha t  can be e i the r  p o s i t i v e l y  charged 

or  basic (45). Sepaniak e t  a l .  (109) also used b i l e  sa l t s  t o  resolve a mixture 

o f  polycycl  i c  aromatic hydrocarbons. 

ADDITIVES TO MICELLAR SYSTEMS 

Orqanic and Inoraanic Modifiers: 

The use o f  anionic, ca t ion ic  and neutral  surfactants as pseudo phases i n  

MECC may not always lead t o  the desired separation. I n  t h i s  sect ion modif icat ion 

o f  the  pseudo phase w i th  organic and inorganic compounds w i l l  be discussed and 
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JANINI AND ISSAQ 940 

represent ive examples presented. Sepaniak and h i s  co-workers (17,26,30,80,92), 

Fuj iwara and Honda (15), and Terabe e t  a l .  (105) s tud ied  t h e  e f f e c t  o f  the  

add i t i on  o f  an organic so lvent  t o  the  m i c e l l a r  phase. It was found t h a t  the  

add i t i on  o f  organic solvents t o  the  pseudo phase serves few purposes: (a) 

i n t e r a c t  w i t h  the  c a p i l l a r y  wa l l  and as a r e s u l t  slows down electroosmotic flow; 

(b) decreases the  p o l a r i t y  o f  t he  mobi le phase; (c)  a l t e r s  the  p a r t i t i o n  

coe f f i c i en t ;  (d) may improve the  s e l e c t i v i t y ;  (e) extends t h e  u t i l i t y  o f  the  

technique t o  more hydrophobic compounds; and (f) a l lows t h e  development o f  

g rad ien t  e l u t i o n  i n  MECC. Se lec t i ve l y  i n  MECC i s  a l t e r e d  by the  add i t i on  o f  

organic so lvents  (15,17,26,30,92). The organic a d d i t i v e  mod i f ies  the  r e t e n t i o n  

mechanism by s h i f t i n g  the  equ i l i b r i um o f  t he  so lu te  towards t h e  bu lk  aqueous 

b u f f e r  phase. S e l e c t i v i t y  i s  enhanced by the  add i t i on  o f  organic mod i f ie rs  

because the  s h i f t  i n  equ i l i b r i um i s  g rea ter  f o r  hydrophobic so lu tes  compared t o  

hyd roph i l i c  so lu tes  (110). However, t h e  add i t i on  o f  an organic solvent a t  h igh  

percentages, above 15% (v/v) drops column e f f i c i e n c y  and m ig ra t i on  times become 

imprac t ica l .  For example, t he  add i t i on  o f  22.5% isopropanol extended the  e l u t i o n  

window from 30 min. t o  over 80 min., f i g u r e  2. It was found t h a t  ana lys is  t ime 

i n  MECC i s  dependent on the  amount and type o f  organic mod i f ie r ;  methanol and 

isopropanol extended t h e  e l u t i o n  range, wh i l e  a c e t o n i t r i l e  and dioxane d i d  no t  

a f f e c t  t he  f l o w  appreciably (26). The add i t i on  o f  20% (v/v) methanol t o  a phos- 

phate-borate bu f fe r ,  pH 8, conta in ing  25 mM SDS allowed t h e  reso lu t i on  o f  

dansylated methylamine from dansylated methyl-d,-amine i n  83 minutes (34,42), 

f i g u r e  3 .  

Balchunas and Sepaniak (26) were the  f i r s t  t o  r e p o r t  t he  use o f  g rad ien t  

e l u t i o n  i n  MECC t o  reso lve  a mix tu re  o f  t en  pr imary and secondary amines by 

stepwise g rad ien t  e lu t i on ,  f i g u r e  4. Note t h a t  these amines were no t  resolved 

using i s o c r a t i c  e lu t i on .  The grad ien t  forming solvent was composed o f  T r i t o n  X- 

100 and isopropanol. This was added stepwise t o  the  s t a r t i n g  mobi le phase which 

was made o f  1.5ml 0.05M SDS, 0.01M Na,HPO,, 0.005M Na,B,O, and 10% (v/v) 2- 

propanol. A g rad ien t  so lu t ion ,  cons i s t i ng  o f  i d e n t i c a l  SDS and b u f f e r  s a l t  
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A 

FIGURE 2. (A) Separation o f  a t e s t  mixture by using a 0.05 mn i.d. x 850 mn 
long column w i th  0.05 H SDS, 0.01 H Na,HPOJ0.005 M Na B 0, (pH 7 )  
mobile phase. (B) Separation o f  t e s t  mixture w i th  22.5d i-propanol 
i n  the  mobile phase. (Reprinted w i th  permission). 

concentrations, and 50% (v/v) 2-propanol and 2.5% (v/v) T r i t on  X-100 was added 

i n  fou r  0.51111 increments every 5 minutes. The add i t ion  o f  the nonionic 

surfactant poly(ethyleneglyco1)p-isooctyl-phenylether (T r i t on  X-100) t o  the  

m ice l l a r  phase resu l ted  I n  a reduction o f  the electrophoret ic ve loc i t y  o f  the 

micelles. This was done i n  order t o  compensate f o r  solvent-related reductions 

i n  electroosmotic ve loc i ty .  Sepaniak e t  a l .  (40) reported i n  1989 the  bu i ld ing  

o f  an apparatus f o r  continuous gradient e lu t ion .  This apparatus was l a t e r  used 
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942 JANINI AND ISSAQ 

FIGURE 3.  Electropherogram o f  DNS-NHCD, and DNS-NHCH,. Run cond i t ions  are as 
fo l lows:  25 mM SDS, 20% MeOH, 25 mM Na HPO,, 0.625 mM Na2B,0;10H,0; 
cap i l l a ry ,  50 pm i.d., 150 pm o . d . ,  150 cm (105 cm t o  de tec tor ) ;  
app l ied  po ten t i a l ,  30kV, 23 pA cur ren t ;  365 nm e x c i t a t i o n  wave- 
length,  270 nm c u t  on emission f i l t e r  wavelength. Figure 3a i s  0% 
MeOH, 33 pA cur ren t .  Figure 
3c i s  20% MeOH, 23 pA cur ren t .  Figure 3d i s  30% MeOH, 20 PA 
cur ren t .  Peak 1 i n  each case i s  DNS-NHCD,, and peak 2 i n  each case 
i s  DNS-NHCH , lo%, 20%, and 30% data  have a l l  undergone a 9-po in t  
Savitzky-Gofay smooth. (Reprinted w i t h  permission). 

Figure 3b i s  10% MeOH, 25 pA cur ren t .  
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FIGURE 4. Separation o f  a t e s t  mixture using a stepwise solvent program. 
I n i t i a l  mobile phase, 1.5 mL o f  0.05 M SDS, 0.01 M Na,HPO,, 0.005 M 
Na,B,O and 10% (v/v) isopropanol. Other conditions, same as f igure  
2. ( iepr in ted  w i th  permission). 

f o r  the reso lu t ion  o f  a mixture o f  a lky l  amines, f i gu re  5,  using a SDS-bo- 

rate/phosphate bu f fe r  and 1 inear and concave ace ton i t r i l e  gradients (80). 

B r i j  35 (polyoxyethylene (23) dodecanol) i s  a nonionic surfactant which has 

l i t t l e  use i n  MECC because i t  cannot migrate e lec t rophore t ica l l y .  However, when 

added t o  an i o n i c  surfactant it can e f fec t  the separation. Also, B r i j  35 can be 

added t o  the  m ice l l a r  phase without increasing the Joule heating. McNair e t  a l .  

(84) were able t o  resolve benzene from benzaldehyde by adding 0.025 M B r i  j 35 t o  

0.025 H SDS i n  0.01 M Na,HPO,. 

Towns and Regnier (111) examined the e f f e c t  o f  polyoxyethylene surfactant 

s ize and s t ruc tu re  on pro te in  exclusion and small molecular separation. B r i j  35 

and other polyoxyethylene surfactants (Tween 20, Tween 40, Tween 80 and B r i j  78) 

were used t o  coet the polysiloxane inner surface and t o  create a hydroph i l i c  

network which allows the separation o f  ac id ic  and basic proteins (110). It was 
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FIGURE 5. MECC chromatograms for separations of a mixture of (a) NBD-n- 
propylamine, (b) NBD-n-butylamine, (c) NED-n-pentylamine, (d) NBD-n- 
hexylamine, (e) NBD-n-heptylamine, (f) NED-n-octyl amine, (9) NBD-n- 
decylamine, (h) NBD-n-dodecylamine, and (i) impurities using a 
mobile phase consisting of 0.01 M Na,HPO 0.006 M Na,B,O , 0.05 M 
SDS with (A)  no solvent gradient, (By a linear acetonitrile 
gradient, and (C) a concave acetonitrile gradient. (Reprinted with 
permission). 

found that when the head-group size was held constant (TWEEN series), the 

hydrocarbon chain length had no influence on the capillary performance. However, 

there was a large change in capillary performance when head-group size and 

stxucture were varied. 

Nishi et al. (37) studied the effect of the addition of tetraalkylammonium 

salts (TAAS) to an SDS micellar phase on the separation of ionic substances. The 

results show that the addition of TAAS to the SDS solution resulted in better 

separation of the solutes in the mixture. For example, the separation of nine 

closely related antibiotics having both anionic and cationic groups in a molecule 

were best resolved when TAAS (40 A) was added to the SDS (50 mM) micellar 

solution, figure 6. The addition of these salts to the micellar system decreases 

the migration times of cationic solutes and increases the migration times of 

arlionic solutes. It was suggested that an ion-pair type mechanism is involved 

whereby the TAAS ion are likely to combine with the anionic SDS micelle as a 

counterion instead of the sodium ion and alter the character of the micelles. 
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FIGURE 6. Ef fec t  o f  TAA sa l t s  on HECC o f  nine cephalosporin an t i b io t i cs :  
(a) C-TA, (b) ceftazidime, (c) cefotaxime, (d) cefmenoxime, 
(e) cefoperazone, (f) cefpiramide, (9) cefpimizole, (h) cefminox, 
(i) ceftriaxone; (A) CZE w i th  0.02 M phosphate-borate bu f fe r  9pH 
9.0), (B) MECC w i th  0.02 M phosphate-borate bu f fe r  (pH 9.0) 
containing 0.05 M SDS, (C) 0.04 M TMAB added t o  the  same SDS 
so lu t ion  as i n  (B). (Reprinted w i th  permission). 

Yu and Dovichi (112) were able t o  resolve a mixture o f  DABSYL amino acids 

using a 1:l acetoni t r i le:20 d phosphate bu f fe r  (pH 7.0) which contained 5 mM 

SDS. O f  the  18 amino acids in jec ted  2 pa i r s  coeluted, i so luc ine  and valine, and 

cysteine and tyrosine. Cohen e t  a l .  (22) resolved a c h i r a l  mixture o f  dansylated 

amino acids i n  MECC by complexation w i th  Cu(I1) and N,N-didecyl -L-alanine. 

Dobashi e t  a l .  (46) reported the  MECC separation o f  racemic mixtures o f  N- 
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0 20 40 
Time I min 

FIGURE 7. Ch i ra l  separat ion o f  s i x  PTH-DL-AA by MECC. Corresponding amino 
acids: 1 = Ser; 2 - Ala; 3 = Nva; 4 = Val; 5 = Trp; 6 - Nle. 0 = 
a c e t o n i t r i l e .  M i c e l l a r  so lu t ion ,  50 mM SDVal-30 mM SDS-0.5 M urea 
(pH 9.0) conta in ing  10% (v/v) methanol; separat ion column, 650 mm x 
0.05 mn i.d.; l eng th  o f  t h e  tube used f o r  separation, 500 mm; t o t a l  
app l ied  voltage, 20 kV; current,  17 1A;  de tec t i on  wavelength, 260 
nm; temperature, ambient. (Reprinted w i t h  permission). 

ace ty la ted  amino acids by employing a c h i r a l  m i c e l l e  made o f  sur fac tan ts  

de r i va t i zed  w i t h  L-amino acids. The best r e s u l t s  were obtained when N-dode- 

canoy l -L -va l ina te  was used. Mod i f i ca t i on  o f  t he  m i c e l l a r  s o l u t i o n  w i t h  methanol 

a f fec ted  the  s e l e c t i v i t y  o f  t he  solutes. Otsuka e t  a l .  (94) inves t iga ted  the  use 

o f  SDVal f o r  c h i r a l  separations i n  MECC, f i g u r e  7, and repor ted  t h a t  the  add i t i on  

of  SDS, methanol and urea improved the  peak shapes and reso lu t ion ,  and a f fec ted  

the s e l e c t i v i t y  . 
Gozel eta1 (23) were ab le  t o  use a m i c e l l a r  s o l u t i o n  composed o f  20 mM 

sodium te t radecy l su l fa te  (pH 7.81), 2.5 mM copper su l fa te ,  5.0 mM aspartame and 

10 mM a m n i u m  acetate t o  reso lve  a c h i r a l  m ix tu re  o f  dansylated D-amino acids 

f,-om L-amino acids, f i g u r e  8. The add i t i on  o f  STS resu l ted  i n  the  r e s o l u t i o n  o f  

the  enantiomer p a i r s  which were no t  completely separated i n  i t s  absence. 

Terabe and Isemura (52) resolved a mix tu re  o f  naphthalene d isu l fonates  by 

m i d i f y i n g  t h e  b u f f e r  w i t h  a so lub le  c a t i o n i c  polymer. The polymer ac ts  as a 

pseudostationary phase mimicking an i o n  exchanger. 
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MICELLAR ELEClROKINEIIC CAPILLARY CHROMATOGRAPHY 941 

FIGURE 8. Electropherogram o f  a mixture o f  three DNS-DL-AAs. DNS-L-Arg i s  
used as an in te rna l  standard. E lec t ro ly te  composition i s  as 
follows: 2.5 mH CuS0,’5H20, 5.0 mH aspartame, 10 mM NH,OAc, and 20 4 
STS, pH 7.81, applied voltage, -30 kV; current, -38 /.A. (Reprinted 
w i th  permission). 

N ish i  e t  a l .  (37) showed tha t  the add i t ion  o f  tetraalkylammonium sa l t s  t o  

the m ice l l a r  so lu t ion  improved the separation o f  some i o n i c  substances. Terabe 

e t  a l .  (45) found tha t  the add i t ion  o f  10 4 SDS t o  the n i c e l l a r  b i l e  s a l t  

so lu t ion  cu t  the  re ten t ion  t ime  i n  h a l f  without a f fec t i ng  the reso lu t ion  

considerably. Karger and h i s  co-workers (8) were able t o  resolve 14 out o f  a 

mixture o f  18 ol igonucleot ides o f  8 bases, each w i th  a d i f f e r e n t  sequence, i n  

less  than 30 minutes by adding zinc and SDS t o  the bu f fe r  system. Their  explana- 

t i o n  i s  t h a t  the add i t ion  o f  low concentrations o f  d iva len t  metals and SDS t o  the 

bu f fe r  system leads t o  a s ign i f i can t  enhancement o f  the time window and good 

separation o f  the  oligonucleotides. Metal ions are e l e c t r o s t a t i c a l l y  a t t rac ted  
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to the surface of the micelle where they can be selectively complexed with 

appropriate solutes, which can manipulate selectivity. Zn( 11) was used because 

it 1s intermediate in oligo-nucleotide binding strength between Mg(I1) and 

Cu(I1); also Zn(I1) is transparent in the range of oligonucleotide detection 

(48) .  Cu(I1)-L-histidine (23) and Cu( 11)-aspartame (23) were used for chiral 

separations in MECC. 

- The Cvclodextra: 

The alpha, beta and g a m a  cyclodextrins are cyclic ol igosaccharides which 

contain 6-, 7-, and 8- glucose units, respectively. These compounds which have 

the shape of a truncated cone have a hydrophobic inner cavity and hydrophilic 

outer surface. In addition, they are chiral molecules where each glucose unit 

contains five chiral atoms. This means that the ,9-CyD contains thirty-five 

chiral atoms. These properties, hydrophobic, hydrophil ic and chiral can be used 

to dffect different separation problems (113-116). In addition, CyD form 

inclusion complexes with compounds in solution, which means that compounds are 

separated by their geometrical fit into the CyD cavity (114). Depending on the 

sizc of the molecules to be separated, the analyst can select the right cavity 

sizc. For example, Q-CYD is most useful for small molecules such as amino acids, 

inorganic ions...etc. The /l-CyD has an inner diameter of 7.8A and is used for 

molecules larger than a benzene ring but smaller than benzo(a)pyrene. The y C y D  

is tised for large molecules. The most widely used one in HPLC is the ,9-CyD 

(112,116). The primary mode o f  separation by CyD is the formation of inclusion 

complexes (114) between the guest molecules to be separated and the host CyD 

hydrophobic cavity. These separations are effected in general by methanol/water 

or acetonitrile/water and in certain cases by the addition of a buffer. Other 

separations (normal phase type) are carried out in hydrocarbon or hydrocar- 

bon, alcohol mixtures. The mechanism o f  separation by normal phase mode is not 

wel'l understood. However, it is not through an inclusion complex formation 
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(115). It may be the  r e s u l t  o f  the in te rac t ion  between the  guest compounds and 

the outside hydroph i l i c  surface o f  the CyD. Other fac to rs  such as VanDer Waals, 

d ipo le -d ipo le  i n te rac t i on  and hydrogen bonding may play a r o l e  i n  the  separation 

process. The mechanlsm o f  separation o f  a wide var ie ty  o f  isomers (op t ica l ,  

geometrical and s t ruc tu ra l )  i s  car r ied  out by inc lus ion  complex formation. The 

isomer separations are read i l y  achieved due t o  d i f f e r e n t  strengths o f  the 

inc lus ion  complexes formed i n  the  hydrophobic cavi ty,  the  be t te r  the f i t  the 

stronger the  complex. The CyD have been used as multimodal phases f o r  the 

separation o f  small molecules (114) and c h i r a l  compounds i n  HPLC (113,116). GC 

(117), isotachophoresis (118), and gel  f i l l e d  HPCE (119). Terabe e t  a l .  (120) 

were the  f i r s t  t o  use an i o n i c  CyD der iva t ive  as a subs t i tu te  f o r  the  mice l le  i n  

V C C ,  which can form inc lus ion  complexes. They modified a 0.1 M phosphate bu f fe r  

(pH 7.0) w i t h  0.025M 2-0-carboxynethyl-B-cyclodextrin and were able t o  resolve 

a ser ies o f  subst i tuted benzene isomers. Fanali invest igated the  e f f e c t  o f  8-CyD 

and der iva t ized  B-CyD i n  the bu f fe r  so lu t ion  on the reso lu t ion  o f  op t ica l  isomers 

(48). The resu l t s  show poor reso lu t ion  o f  the enantiomers o f  ephedrine and 

isoproterenol, although high concentrations o f  I-CyD were added t o  the  bu f fe r  

solut ion.  However, the add i t ion  o f  18 mM Heptakis (2.6-di-0-methyl-8-CyD) t o  the 

bu f fe r  (10 IAn Tris-YPO,, pH 2.4) resu l ted  i n  the separation o f  the op t ica l  

isomers studied. Moreover, Terabe e t  a l .  (65) explored the a p p l i c a b i l i t y  o f  CyD- 

MECC t o  the  separation o f  h igh ly  hydrophobic and c lose ly  re la ted  compounds, such 

as polychlor inated biphenyls (PCBs) tetrachlorodibenzodioxin (TCDD) isomers and 

po lycyc l i c  aromatic hydrocarbons (PAHs). The resu l t s  show tha t  the add i t ion  o f  

40 mM y-CyD t o  the separation so lu t ion  (100 rrN SOS i n  100 mM borate buffer,  pH 

8.0, containing 2 H urea) enabled the  separation o f  a l l  chlor inated benzene 

congeners, which were no t  resolved i n  the absence o f  y-CyD, f i gu re  9. Eleven 

tr ichloro-biphenyl  i s m r s  which cornlgrated w i th  the mice l le  were completely 

resolved when 60 4 y-CyD was added. The separation using 8-CyD instead o f  y-CyD 

was no t  very successful. The TCDD isomers were also resolved by y-CyD MECC. 

Nishi  and Matsuo (73) reported tha t  the  add i t ion  o f  CyD t o  the SDS so lu t ion  
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950 JANINI AND ISSAQ 

FIGURE 9. 7-CyD-MECC separat ion o f  ch lo r i na ted  benzene congeners: 1 = 1,2,3,5- 
t e t ra - ,  2 = 1,2,3-tr i - ,  3 = 1,3,5-tr i - .  4 = 1,2-di-, 5 = 1,2,4,5- 
t e t ra - ,  6 = mono-, 7 = 1,3-di-, 8 = 1,2,4-tri-, 9 = 1,2,3,4-tetra-, 
10 = penta-, 11 = 1,4-di- and 12 = hexachlorobenzene. Cap i l la ry ,  
700 mm (Polymicro Technologies); separat ion so lu t ion ,  100 mM SDS i n  
100 mM bora te  b u f f e r  (pH 8.0) conta in ing  2 M urea and an add i t i ona l  
40 mM 7-CyD; app l ied  voltage, 15 kV; cur ren t ,  23 gA. (Reprinted 
w i t h  permission). 

improved the  r e s o l u t i o n  o f  l i p o p h i l  i c  compounds co r t i cos te ro ids  and aromatic 

hydrocarbons. 

FACTORS THAT INFLUENCE RETENTION TIMES, RESOLUTION AND 
SELECTIVITY I N  MECC 

The sur fac tan ts  a re  molecules which conta in  hydrophobic and hyd roph i l i c  

par ts .  They might be anionic,  ca t i on i c ,  z w i t t e r i o n i c  o r  neu t ra l  depending on the  

charge o f  t h e  p o l a r  head group. The sur fac tan ts  a t  a c e r t a i n  concentrat ion 

above t h e i r  CMC form aggregates o r  mice l les .  The aggregation number and CMC 

values depend on var ious physiochemical parameters i nc lud ing  the  add i t i on  o f  

organic solvents,  i o n i c  strength,  pH, temperature, and the  presence o f  

e lec t ro l y tes .  Separation i n  MECC i s  a func t i on  o f  t he  p a r t i t i o n i n g  o f  t he  

so lu tes  between the  m i c e l l e  pseudo phase and t h e  bu lk  solvent,  and the  d i f f e rence  

i n  m o b i l i t y  o f  the  b u l k  so lvent  and t h e  m ice l l e .  Therefore, s e l e c t i v i t y  can be 

manipulated by changing the  type and composition o f  the  su r fac tan t  and by 

v a r i a t i o n s  i n  experimental parameters. 
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The discussion i n  the  previous sect ion c l e a r l y  shows the inf luence o f  

d i f fe ren t  micel les and addi t ives t o  the mice l la r  so lu t ion  on separation, peak 

shape, re ten t ion  times and se lec t i v i t y .  I n  t h i s  section, selected spec i f i c  

examples are presented t h a t  h igh l i gh t  the e f f e c t  o f  experimental condi t ions on 

separation parameters. Terabe e t  a l .  (9,105) found tha t  the so lu te  ve loc i t y  i s  

l i n e a r l y  dependent on the current. Also, a t  constant applied vol tage the v, 

remained v i r t u a l l y  constant i r respec t ive  o f  SDS concentration (0.025 M t o  0.15 

M), wh i le  the reciprocal  o f  v, and capacity fac to r  increased w i th  an increase 

i n  SDS concentration (9). The current was observed t o  increase l i n e a r l y  w i th  SDS 

concentration. This increase i n  current w i th  SDS concentration i s  probably due 

t o  the increase i n  the  sodium ion  concentration o f  the SDS (121). It was 

observed by McNair e t  a l .  (84) tha t  the current d i d  not increase w i t h  an increase 

i n  the concentration o f  B r i j  35 which does not contain a metal ion. The e f f e c t  

o f  pH on v, a t  0.1 H and 0.2 H SDS i n  a phosphate-borate bu f fe r  was neg l i g ib le  

i n  the pH range o f  6-9. This may be due t o  the adsorption o f  the  SDS on the 

inner  wa l l  o f  the  cap i l l a ry .  No substant ia l  e f f e c t  on the electroosmotic 

ve loc i t y  was observed when 0.1% o f  B r i j  35, Tween 20, hydroxypropylcellulose o r  

hydroxypropyl-methylcellulose were added t o  SDS so lu t ion  (110). 

The e f f e c t  o f  surfactant type (11, 21,35), concentration (15,20,29) and pH 

(9,15,29,41,68,69,80,91,105,107) on s e l e c t i v i t y  and on column e f f i c i ency  

(16,26,35) were studied by several workers. Sepaniak e t  a l .  (21) found t h a t  the 

type o f  surfactant used; SDS, STS o r  DTAC a f fec ts  the e l u t i o n  order ( s e l e c t i v i t y )  

o f  the  solutes. Ong e t  a l .  (68,69) i n  t h e i r  study o f  parameters (pH, SOS 

concentration and applied voltage) which influenced the separation o f  s i x  

phthalate esters and catecholamines found t h a t  changing the SDS concentration 

changed solute re ten t ion  times, f igure 10, due t o  the so lub i l i za t i on  o f  the 

phthalates by the micel le.  Sharper pclaks were observed a t  higher voltages, w i th  

an increase i n  e f f i c i ency  and resolut ion.  Although they stated (69) t h a t  the 

e l u t i o n  order does not change w i t h  pH, i t  i s  c lea r  t h a t  above pH 7.0 two o f  the 

solutes reversed t h e i r  e lu t i on  order ( f i gu re  2, i n  re f .  69). Rasrnussen and 
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FIGURE 10. P lo t  o f  migration times o f  the catechols and catecholamines wi th  
var ia t ion i n  SDS concentration. Experiments were carr ied out a t  pH 
7.00. (Reprinted wi th  permission). 

McNair (41) found tha t  the e lu t i on  order o f  alkylparabanes i n  MECC using 0.01M 

Na2HPOJ0.05M SDS, pH 6.75 was reversed when the pH was adjusted t o  3.37. It was 

also observed tha t  there were changes i n  the capacity fac to r  w i th  changes i n  the 

pH o f  the mice l lar  so lu t ion (68-69,91). Ong e t  al.  (68) and Vinevogel and Sandra 

(91) observed tha t  the migration times decreased w i th  increasing pH. This 

f ind ing contradicts what was reported e a r l i e r  f o r  both CZE (3) and MECC (9) .  Ong 

e t  a l .  (68) reported t h a t  m:gration times f o r  ephedrine and norephedrine dropped 

f rom 60 min. and 54 min. t o  about 25 min. when the pH was increased from 6 t o  7, 

see f i gu re  11. Other examples are given i n  reference 91. Otsuka and Terabe (51) 

studied the e f f e c t  o f  pH on solute migration i n  MECC, and concluded tha t  the 

electro-osmotic ve loc i t y  decreased w i th  increasing pH below 5.5, while the 

electrophoretic ve loc i t y  o f  the SDS micelles was almost constant i n  the pH range 

3.0-7.0. Figure 12 shows how changes i n  pH a f fec t  the d i rec t i on  and magnitude 

of the migration veo lc i t y  i n  SDS, MECC. 
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FIGURE 11. P lot  o f  migration times o f  the catechols and catecholamines with 
var iat ion o f  pH. Experiments were carr ied out a t  80 mM SDS. 
(Reprinted with permission). 

FIGURE 12. Dependence o f  e lectrokinet ic velocit ies on pH. Micel lar  solution, 
0.10 M SDS (pH 6.0); column, 0.05 m i . d .  x 650 nm; length o f  the 
column used f o r  separation: 500 m; current, 50 gA; applied voltage, 
about 14.7 kV; detection wavelength: 220 nm. (Reprinted with 
permission). 
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FIGURE 13. MECC separations of purine derivatives using capillaries coated with 
polymers of different chemical structure: Sample: 0.2 mg/ml each; 
1 water; 2 theobromine; 3 theophylline; 4 caffeine; 5 uric acid; 
Column: 80 cm effective, 120 cm total length (A) polymethylsiloxane 
OV-1 on FS; 50 pn i.d., film thickness 0.09 pm; (B) uncoated FS; 50 
pn i.d.; (C) polyethylene glycol CW20M on FS; 50 pm i.d., film 
thickness 0.04 pn; Temperature: 298 K; Buffer: 0.02 M phosphate 
buffer/0.05 M SOS; Injection: electrokinetic; 7500 V; (A) 2 s; (8) 
5 s, (C) 8 s; Separation voltage: 35 kV; Detection: UV/254 nm. 
(Reprinted with permission). 

- Column Coatins Effects in MECC: 

The influence o f  two polymeric coatings (DB-1 and DB-WAX) of the inner 

surface of the capillary on electroosmotic flow was first studied by Terabe et 

al. (105), however, the geometry of capillaries was different and direct 

comparison of retention data is inappropriate (53). A systematic investigation 

was undertaken by Schomburg and his co-workers (53) who used fused silica 

capillaries of identical geometry coated with different thicknesses of poly- 

methylsiloxane (PMS) or polyethyleneglycol (PEG), using two test mixtures. The 
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resu l t s  show tha t  i n  MECC, the electroosmotic f low and the reso lu t ion  can be 

e f f e c t i v e l y  var ied by polymer coating o f  the  c a p i l l a r y  surface. With the non- 

po la r  PMS coating the electroosmotic f low i s  increased g i v ing  shorter analysis 

time 

t i o n  

nece 

were 

but p, decreased w i th  the  po la r  PEG coating, resu l t i ng  i n  improved resolu- 

f i gu re  13. They (53) also reported tha t  only t h i n  layers o f  polymer are 

sary t o  modify the  inner surface o f  the cap i l l a ry .  Towns and Regnier (110) 

able t o  decrease the adsorption o f  proteins t o  the c a p i l l a r y  wal ls by 

coating the  inner surface o f  the cap i l l a ry  w i th  an a l ky l s i l ane  followed by water 

soluble non-ionic surfactants, such as B r i j  35 and Tween. Balchunans and 

Sepaniak (17) used c a p i l l a r i e s  deactivated w i th  t r imethy ls i lane  f o r  the 

separation o f  small amines by MECC. The deact ivat ion resu l ted  i n  reduced 

electroosmotic flow, al lowing the  separation o f  small molecular weight compounds. 

E l  Rassi (122) had introduced new mice l la r  systems w i th  surfactants o f  

adjustable surface charge densi ty tha t  a l low the t a i l o r i n g  o f  the  separation 

window t o  any desired l eve l  f o r  a pa r t i cu la r  separation. 

Knox (123) suggested the use o f  co l l o ida l  sols as pseudostationary phases 

whereby solutes can absorb and desorb from the surface o f  the charged co l l o ida l  

pa r t i c l es  (pH 7.0), which resu l ts  i n  the separation o f  a mixture. 

Weinberger and Alban (95) invest igated the parameters t h a t  a f f e c t  the 

l i n e a r  dynamic range i n  quant i ta t i ve  MECC. Their  resu l t s  show good l i n e a r i t y  a t  

low solute concentration ( less than 100 pg/ml); and by employing high i on i c  

strength bu f fe rs  and small diameter cap i l l a r i es .  
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