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(54)  Capillary  electrophoresis  flow  control  system. 

(57)  A  system  for  controlling  the  bulk  flow  rate  in 
capillary  electrophoresis  employs  pressure  to 
increase  velocity  within  unacceptably  increas- 
ing  plate  height.  The  system  comprises  a  sepa- 
ration  capillary  (12),  an  upstream  supply 
container  (22),  a  downstream  container  (24), 
means  (30)  for  applying  a  voltage  along  the 
capillary,  and  means  (56)  for  applying  a  diffe- 
rential  pressure  along  the  capillary. 
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The  present  invention  relates  generally  to  capil- 
lary  electrophoresis  and,  more  particularly,  to  sys- 
tems  for  controlling  the  bulk  flow  in  capillary  electro- 
phoresis. 

Electrophoresis  is  well  known  as  an  analytical 
technique  for  separating  and  detecting  constituents 
in  a  sample.  Electrophoretic  techniques  are  based 
upon  the  fact  that  each  molecular  species  has  a 
unique  combination  of  mass,  size,  shape,  charge, 
density  and  sub-unit  structure,  all  of  which  may  result 
in  mobility  differences  responsive  to  an  electric  field. 
Various  electrophoretic  techniques  use  one  or  more 
of  these  properties  to  cause  varying  degrees  of  sep- 
aration  via  the  migration  of  molecular  species  in  the 
presence  of  an  electric  field.  Applications  for  electro- 
phoresis  include  the  determination  of  sample  purity, 
the  determination  of  molecular  weights  for  proteins 
and  nucleic  acids,  the  mapping  of  nucleic  acid  pri- 
mary  structure  (e.g.,  DNAand  RNAsequence  analys- 
es)  and  the  definition  of  phenotypic  variance  of  a  pro- 
tein  at  the  molecular  level. 

Capillary  electrophoresis  is  an  electrophoretic 
technique  that  employs  a  capillary  tube  which  is  filled 
with  a  conductive  fluid.  In  practicing  capillary  electro- 
phoresis,  a  small  quantity  of  sample  is  introduced  at 
one  end  of  the  capillary  tube,  and  a  potential  differ- 
ence  is  applied  across  the  ends  of  the  tube.  Then,  un- 
der  the  influence  of  the  potential  difference,  electro- 
osmotic  flow  and  differences  in  electrophoretic  mo- 
bilities  combine  to  provide  a  spatial  separation  of 
constituents  of  the  sample  solution.  That  is,  when  a 
positive  electrode  is  applied  to  the  inlet  end  of  the  ca- 
pillary  tube  and  a  ground  electrode  is  applied  to  the 
outlet  end,  spatial  separation  can  be  achieved,  for  ex- 
ample,  with  positively  charged  constituents  exiting 
first,  followed  by  neutral  constituents  and  then  neg- 
atively  charged  constituents.  Each  constituent  of  a 
sample  can  be  detected  by  identifying  the  time  re- 
quired  for  the  constituent  to  travel  through  the  capil- 
lary  tube. 

Electroosmotic  flow  is  the  movement  of  a  liquid 
relative  to  a  stationary  charged  surface  as  a  result  of 
an  electric  field  applied  to  the  liquid.  It  has  been  ex- 
plained  that  electroosmotic  flow  is  a  result  of  charge 
accumulation  at  the  capillary  surface  due  to  chemical 
equilibrium  of  the  interior  surface  of  the  capillary  and 
the  electrolyte.  The  charge  of  the  surface  attracts  a 
thin  layer  of  oppositely  charged  electrolyte  ions, 
which  accumulate  adjacent  to  the  inner  surface.  The 
longitudinally  extending  electric  field  that  is  applied 
across  the  capillary  tube  accelerate  the  positive  ions 
which  are  hydrated  by  water  toward  a  grounded  outlet 
end  of  the  capillary  tube,  viscously  dragging  other  hy- 
drated  molecules.  The  result  is  a  bulkflowof  the  sam- 
ple  in  the  buffer  solution  toward  the  grounded  outlet 
end  of  the  capillary  tube.  Consequently,  electroos- 

motic  flow  provides  a  means  for  moving  neutral  and 
negatively  charged  constituents  of  a  sample  toward 
a  ground  electrode. 

Electrophoretic  migration  is  the  movement  of 
5  charged  constituents  in  response  to  an  electric  field. 

Thus,  under  the  influence  of  an  electric  field,  a  posi- 
tively  charged  molecule  will  be  accelerated  through 
the  fluid  toward  the  cathode.  Under  the  same  circum- 
stances,  negatively  charged  molecules  are  repelled 

10  by  the  cathode,  but  the  force  of  the  electroosmotic 
flow  may  overcome  the  repulsion  and  advance  the 
negatively  charged  molecules. 

In  practice,  the  quantity  of  a  constituent  within  a 
sample  can  be  determined  by  the  area  of  a  signal 

15  trace  of  an  electropherogram  during  a  period  of  de- 
tection  of  that  constituent.  Such  detection  is  usually 
accomplished  by  placing  ultraviolet  detectors  at  the 
outlet  end  of  the  capillary  tube,  but  other  placement 
and  detectors  are  known.  In  such  systems,  plate 

20  height  is  a  measure  of  the  sharpness  of  the  flow  front 
as  measured  by  the  shape  of  the  sample  signal.  Alow- 
er  plate  height  corresponds  to  a  sharper  flow  front.  In 
general,  it  is  desirable  to  have  a  small  plate  height 
since  plate  height  is  inversely  related  to  the  resolution 

25  of  a  capillary  electrophoresis  system. 
In  summary,  it  is  known  that  the  voltage  differ- 

ence  in  a  capillary  electrophoresis  system,  when  ap- 
plied  to  charged  molecules,  moves  these  molecules 
through  the  system.  This  phenomenon  is  known  as 

30  electrophoretic  flow  or  electrophoretic  migration. 
Electroosmotic  flow,  on  the  other  hand,  is  a  bulk  flow 
phenomenon  in  that  this  is  when  the  solution  moves 
from  one  end  of  the  capillary  electrophoresis  system 
to  the  other.  Electroosmotic  flow  is  a  function  of  the 

35  capillary  surface  charge  and  the  voltage  difference, 
among  other  factors.  In  practice,  varying  electroos- 
motic  flow  is  one  means  of  controlling  bulk  flow  but  it 
is  dependent  on  the  chemistry  of  the  system  in  use. 
Furthermore,  electroosmotic  flow  alone  cannot  be 

40  controlled  over  a  range  of  velocities  as  easily  as  pres- 
sure.  For  example,  for  a  capillary  with  a  fused  silica 
surface  at  pH  7,  the  electroosmotic  flow  cannot  be 
adjusted  by  external  means  independent  of  the  elec- 
trophoretic  migration. 

45  What  is  needed  is  a  method  for  controlling  bulk 
flow  which  can  be  applied  over  a  range  of  velocities. 
Furthermore,  such  a  method  should  be  independent 
of  chemistry  to  permit  its  application  to  many  situa- 
tions. 

so  Generally  speaking,  the  present  invention  pro- 
vides  a  capillary  electrophoresis  system  for  control- 
ling  bulk  flow  over  a  range  of  velocities  and  indepen- 
dent  of  chemistry  while  maintaining  a  sharp  flow 
front.  More  particularly,  the  present  invention  pro- 

55  vides  a  system  for  controlling  the  bulk  flow  rate  in  ca- 
pillary  electrophoresis  by  employing  pressure  to  ad- 
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just  velocity  without  unacceptably  increasing  plate 
height.  Thus,  the  system  controls  bulk  flow  over  a 
range  of  velocities,  independent  of  the  chemistry  of 
the  system. 

The  present  invention  employs  a  pressure  differ- 
ential  between  the  inlet  and  outlet  ports  of  the  capil- 
lary  which  pressure  differential  can  vary  or  remain 
constant  over  the  duration  of  the  electrophoretic  run, 
to  drive  bulk  flow  in  one  direction  or  another.  The 
pressure  can  go  in  the  same  or  opposite  direction  to 
either  the  electrophoretic  flow  or  the  electroosmotic 
flow,  depending  on  whether  the  goal  is  to  increase  or 
decrease  the  time  period  during  which  the  charged 
particles  stay  in  the  capillary.  The  inlet  port  pressure 
could  be  generated  by  an  air  pump,  while  the  outlet 
port  is  at  atmospheric  pressure.  The  pressure  differ- 
ential  can  encourage  flow  with  or  against  the  electro- 
osmotic  flow. 

As  previously  discussed,  plate  height  is  a  meas- 
ure  of  the  sharpness  of  the  flow  front  as  detected  by 
a  detector,  where  a  lower  plate  height  corresponds  to 
a  sharper  flow  front.  Although  differential  pressure 
has  been  avoided  in  capillary  electrophoresis  be- 
cause  it  degrades  resolution  and  separation,  it  was 
found  that  the  use  of  pressure  in  conjunction  with 
electroosmotic  flow  causes  only  a  minimal  increase 
in  plate  height  over  that  of  electroosmotic  flow  alone, 
while  giving  the  user  considerable  control  over  the 
bulk  velocity.  Thus,  the  present  invention,  which  em- 
ploys  differential  pressure  in  conjunction  with  elec- 
troosmotic  flow  in  capillary  electrophoresis,  allows 
control  over  bulk  velocity  with  minimal  loss  of  resolu- 
tion  in  terms  of  plate  height. 

The  present  invention  can  be  further  understood 
with  reference  to  the  following  description  in  conjunc- 
tion  with  the  appended  drawings.  In  the  drawings: 

Figure  1  is  a  functional  diagram  that  schematical- 
ly  shows  a  capillary  electrophoresis  system  in  ac- 
cordance  with  the  present  invention; 
Figure  2  is  a  graph  showing  velocity  versus  plate 
height  for  the  molecule  dimethylsulfoxide 
(DMSO)  without  any  pressure,  using  purely  os- 
motic  separation  at  pH  7.0; 
Figure  3  is  a  graph  showing  the  effect  of  differ- 
ential  pressure  on  the  velocity  and  plate  height  of 
DMSO  at  pH  7.0;  and 
Figure  4  is  a  graph  showing  the  effect  of  pressure 
in  improving  flow  profile  in  capillary  electrophor- 
esis  at  pH  2.7. 
In  Figure  1,  an  electrophoretic  system  10  in- 

cludes  a  conventional  capillary  tube  12  having  an  in- 
let  end  14  and  an  outlet  end  16.  The  capillary  tube 
can  be,  for  instance,  a  fused  silica  tube  having  a  coat- 
ing  of  polyimide,  with  the  polyimide  coating  being  re- 
moved  at  one  section  of  the  tube.  Typically,  the  capil- 
lary  tube  has  an  inside  diameterof  aboutf  ifty  microns 

(0.05  mm),  but  dimensions  in  the  range  of  0.010  to 
0.150  mm  may  be  used. 

As  further  shown  in  Figure  1  ,  a  detector  1  8  is  lo- 
cated  at  an  intermediate  position  along  the  capillary 

5  tube  12  for  detecting  movement  of  materials  within 
the  tube.  In  conventional  capillary  zone  electrophor- 
esis,  ultraviolet  absorbance  detectors  are  commonly 
used.  At  one  side  of  the  detector  18  is  a  mounted  a 
buffer  reservoir  vial  24  that  is  in  fluid  communication 

10  with  the  outlet  end  16  of  the  capillary  tube  12.  In  the 
embodiment  shown,  the  buffer  reservoir  vial  is 
housed  within  a  container  26. 

The  inlet  end  14  of  the  capillary  tube  12  is  con- 
nected  in  fluid  flow  communication  with  a  container 

15  20  that  includes  a  sample  vial  22. 
A  first  power  supply  30  is  electrically  connected 

to  the  supply  vial  22  via  a  conductor  32  that  repre- 
sents  an  anode  electrode.  The  first  power  supply  30 
provides  a  voltage,  shown  in  Figure  1  as  -10k  volts, 

20  at  the  supply  vial  22.  It  should  be  understood  that  this 
voltage  is  not  the  potential  difference  across  the 
length  of  the  capillary  tube  12.  The  potential  differ- 
ence  is  determined  by  a  voltage  at  the  buffer  reser- 
voir  vial  24.  This  voltage  is  provided  by  a  second  pow- 

25  er  supply  34  in  electrical  communication  with  the  buf- 
fer  reservoir  vial  24  via  a  conductor  36  that  represents 
the  cathode  electrode.  In  Figure  1,  the  second  power 
supply  34  is  shown  as  providing  a  voltage  of  -15k 
volts.  Thus,  the  potential  difference  across  the  length 

30  of  the  capillary  tube  12  is  5k  volts.  Acommon  poten- 
tial  gradient  in  capillary  zone  electrophoresis  is 
200v/cm.  To  achieve  this  standard,  the  length  of  the 
capillary  tube  12  would  then  be  25  cm.  It  should  be 
noted  that,  although  two  power  supplies  are  shown  in 

35  Figure  1  ,  one  of  the  power  supplies  can  be  replaced 
by  ground. 

In  practice  the  voltage  power  supplies  30  and  34 
have  polarity-select  switches  38  and  40  for  adjusting 
the  polarity  of  the  associated  electrodes  32  and  36. 

40  The  voltage-adjustment  vials  42  and  44  allow  the  out- 
puts  of  the  power  supplies  to  be  precisely  set. 

Container  20  has  a  sealed  top  50  with  a  port  52 
which  is  connected  via  tubing  54  to  air  pump  56.  This 
configuration  allows  the  application  of  pressure,  va- 

45  cuum  or  neither  (i.e.  atmospheric  pressure)  to  sample 
vial  22.  Similarly,  reservoir  vial  24  has  a  sealed  top 
60  with  a  port  62  which  is  connected  via  tubing  64  to 
air  pump  66.  Thus,  pressure  or  vacuum  can  be  ap- 
plied  to  either  end  of  the  capillary  and  either  end  can 

so  be  at  atmospheric  pressure. 
At  this  juncture,  it  should  be  understood  that  the 

use  of  pressure  in  conventional  capillary  electrophor- 
esis  systems  has  been  avoided  as  part  of  the  sepa- 
ration  system  because  it  was  thought  that  pressure 

55  differentials  would  degrade  the  resolution  or  separa- 
tion  of  the  molecules  to  be  detected.  However,  pres- 
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sure  differentials  for  the  system  of  the  present  inven- 
tion  are  intentionally  and  controllably  generated.  In 
practice,  the  pressure  differentials  can  be  generated 
in  several  ways.  For  example,  the  pressure  differen- 
tial  can  be  generated  by  an  air  pump,  a  water  column, 
siphoning,  vacuum,  or  other  means  known  to  those  of 
skill  in  the  art.  It  should  be  noted  that  the  direction  of 
differential  pressure  is  not  critical. 

Figure  2  shows  a  series  of  curves  that  resulted 
from  an  experiment  which  was  conducted  for  deter- 
mining  the  effect  of  pressure  on  the  plate  height  and 
velocity  of  the  capillary  electrophoresis  system.  In 
the  graph,  the  lower  curve  70  depicts  the  theoretical 
limit  for  DMSO  based  only  on  its  diffusion.  This  mi- 
gration  is  due  solely  to  electroosmotic  forces,  with  no 
pressure  being  applied.  The  upper  curve  72  shows 
the  theoretical  plot  of  plate  height  versus  velocity  if 
the  system  is  only  pressure  driven.  Actual  experimen- 
tal  data  points  for  DMSO  without  pressure  are  shown, 
and  it  can  be  noted  that  the  data  corresponds  well 
with  the  theoretical  limit  based  on  electroosmosis 
alone. 

Figure  3  shows  the  results  of  experiments  con- 
ducted  using  a  capillary  electrophoresis  system  with 
a  differential  pressure  of  20  centimeters  of  water. 
Again,  the  lowest  curve  80  represents  the  theoretical 
limit  for  DMSO  based  on  its  diffusion  and  the  upper 
curve  82  represents  the  theoretical  values  for  DMSO 
based  only  on  pressure.  The  intermediate  curve  84 
represents  the  predicted  values  of  plate  height  versus 
velocity  with  a  differential  pressure  of  20  cm  water 
head.  As  can  be  seen  from  the  experimental  values, 
the  results  for  a  capillary  electrophoresis  system  us- 
ing  DMSO  with  20  centimeters  of  pressure  show  that 
plate  height  is  not  significantly  increased.  This  was 
true  regardless  of  the  direction  of  the  pressure  differ- 
ential  in  this  experiment.  Thus,  it  can  be  understood 
that  differential  pressure  can  be  used  in  a  capillary 
electrophoresis  system  to  increase  the  velocity  with- 
out  resulting  in  an  unacceptably  increased  plate 
height. 

These  studies  were  conducted  using  a  capillary 
electrophoresis  system  which  employed  a  fused  sili- 
ca  capillary  of  0.05  mm  I.D.  and  40  cm  length  with 
fields  ranging  from  5kv/40  cm  to  25  kv/40  cm  using 
phosphate  buffer  at  pH  7.0. 

Figure  4  depicts  the  results  of  a  study  which  was 
conducted  using  DMSO  in  a  0.05  mm  I.D.  fused  silica 
capillary  of  40  cm  length  with  a  field  of  20kv/40  cm. 
In  the  study,  phosphate  buffer  of  pH  2.7  was  used. 
Under  conditions  of  low  pH,  electroosmotic  flow  re- 
sults  in  increased  plate  height.  Again,  lower  curve  90 
represents  theoretical  limits  for  electroosmotic  flow 
only  and  upper  curve  92  represents  the  theoretical 
value  for  pressure  only.  As  shown  in  Figure  4,  the 
plate  height  under  these  conditions  was  about  0.015 

mm  at  velocity  of  about  1.1  mm/sec.  The  application 
of  10,  20  or  30  cm  of  positive  pressure  actually  de- 
creased  the  plate  height  to  about  0.011,  0.012,  and 
0.014  mm,  respectively,  thus  improving  the  resolu- 

5  tion. 
As  mentioned  above,  capillary  electrophoresis 

systems  of  the  present  invention  can  employ  various 
kinds  of  detectors.  Detection  can  occur  using  an  ul- 
traviolet,  chemiluminescence,  refractive  index,  con- 

10  centration  sensitive,  electrical,  or  conductivity  detec- 
tor.  Any  detector  which  can  sense  a  concentration  of 
the  desired  substance  on  the  column  can  be  used. 
Thus,  the  detector  to  be  used  is  dependent  on  the 
molecule  to  be  detected  in  the  capillary  electrophor- 

15  esis  system.  Appropriate  detectors  are  well  known  to 
those  of  skill  in  the  art. 

The  double  layer  thickness  (the  inverse  of  Debye 
length)  is  a  measure  of  where  the  electric  potential  of 
the  inside  of  the  capi  Nary  falls  off  to  63%  of  maxi  mum. 

20  These  wall  effects  are  dependent  on  the  chemistry  of 
the  system.  In  systems  of  the  present  invention,  dou- 
ble  layer  thicknesses  on  the  order  of  0.2  to  1  0  nm  are 
common. 

Control  of  the  electroosmotic  flow  of  a  capillary 
25  electrophoresis  system  can  also  be  used  in  conjunc- 

tion  with  pressure  for  improved  bulk  flow  control.  As 
discussed  above,  various  kinds  of  control  systems  for 
electroosmotic  flow  can  be  employed.  The  method  of 
this  invention  can  be  used  in  conjunction  with  an  elec- 

30  troosmotic  flow  controller,  but  control  of  electroos- 
motic  flow  is  not  needed  to  apply  the  method  of  the 
present  invention.  Thus,  the  use  of  pressure  alone 
can  be  used  as  the  bulk  flow  control  method  for  a  ca- 
pillary  electrophoresis  system. 

35  However,  the  advantages  of  the  invention  will  be 
realized  best  when  used  in  conjunction  with  electro- 
osmotic  flow  control  methods.  This  is  due  to  the  fact 
that  the  electroosmotic  flow  control  methods  cause 
an  increase  in  the  plate  height,  and,  as  Figure  4 

40  shows  for  low  pH,  the  addition  of  pressure  driven  flow 
can  reduce  the  plate  height.  The  advantages  of  the  in- 
vention  are  better  realized  at  pH  less  than  7.0  and 
best  realized  when  using  low  pH  buffers  (less  than 
about  pH  4.0),  because  in  a  normal  capillary  electro- 

ns  osmotic  system  this  condition  will  cause  the  plate 
height  to  rise  far  about  the  optimum  value  (where  dif- 
fusion  is  the  only  factor).  In  that  case,  the  addition  of 
pressure  will  improve  the  plate  height,  and  conse- 
quently  the  resolution.  In  particular,  the  addition  of 

so  downstream  pressure,  i.e.,  in  the  direction  of  flow,  im- 
proves  plate  height  under  these  conditions. 

Although  the  separation  capillary  has  been 
shown  as  a  single  capillary  tube,  the  separation  ca- 
pillary  can  include  more  than  one  capillary  column 

55  and  can  have  more  than  one  inlet. 
In  a  capillary  electrophoresis  system  according 

4 
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to  the  present  invention,  it  was  discovered  that  the 
use  of  a  pressure  differential  to  force  flow  through  a 
capillary  in  conjunction  with  electroosmotic  flow  un- 
expectedly  results  in  an  average  bulk  flow  velocity 
with  a  sharper  flow  front  than  is  achieved  by  electro- 
osmotic  flow  alone  under  certain  conditions.  The  sys- 
tem  of  the  present  invention  provides  sharp  flow 
fronts  while  maintaining  control  over  the  bulk  veloci- 
ty.  Accordingly,  it  can  be  appreciated  that  the  above- 
described  invention  provides  improved  control  of  bulk 
flow  in  capillary  electrophoresis  applications  over  a 
broad  range  of  velocities,  independent  of  the  chem- 
istry  of  the  system.  Moreover,  pressure  control  is  in- 
dependent  of  voltage  and  independent  of  chemistry 
and  is  thus  an  independent  way  of  controlling  bulk 
flow  in  capillary  electrophoretic  systems.  Thus,  pres- 
sure  control  may  be  useful  to  reduce  the  plate  height 
in  any  situation  which  perturbs  the  flow  front.  How- 
ever,  in  practice,  a  parabolic  flow  front  is  formed  (lam- 
inar  flow)  if  pressure  alone  is  used  to  force  flow  in  a 
capillary.  This  flow  front  is  not  as  sharp  as  electroos- 
motic  flow  alone,  and  gives  rise  to  large  plate  heights. 

The  foregoing  has  described  the  principles,  pre- 
ferred  embodiments  and  modes  of  operation  of  the 
present  invention.  However,  the  invention  should  not 
be  construed  as  limited  to  the  particular  embodi- 
ments  discussed.  Instead,  the  above-described  em- 
bodiments  should  be  regarded  as  illustrative  rather 
than  restrictive,  and  it  should  be  appreciated  that  va- 
riations  may  be  made  in  those  embodiments  by  work- 
ers  skilled  in  the  art  without  departing  from  the  scope 
of  present  invention  as  defined  by  the  following 
claims. 

Claims 

1  .  Asystem  for  controlling  the  rate  of  bulkf  low  in  ca- 
pillary  electrophoresis  comprising: 

a)  a  separation  capillary  (12)  having  an  inlet 
end  (14)  and  an  outlet  end  (16); 
b)  an  upstream  liquid  containment  apparatus 
(22)  in  fluid  flow  communication  with  the  inlet 
end  (14)  for  introducing  a  solution  to  the  sep- 
aration  capillary  (12); 
c)  a  downstream  liquid  containment  appara- 
tus  (24)  in  fluid  flow  communication  with  the 
outlet  end  (16)  for  receiving  a  flow  of  the  sol- 
ution; 
d)  a  voltage  device  (30)  that  applies  a  voltage 
between  the  inlet  end  (14)  and  the  outlet  end 
(16);  and 
e)  a  differential  pressure  arrangement  (56) 
that  applies  a  differential  pressure  across  the 
length  of  the  separation  capillary  (12)  concur- 
rently  with  the  applied  voltage. 

2.  The  system  of  Claim  1  including  a  first  pressure 
device  (56)  and  a  second  pressure  device  (66) 
that  apply  pressure  to  the  inlet  end  (14)  and  the 
outlet  end  (16),  respectively,  of  the  separation 

5  capillary  (12). 

3.  The  system  of  Claim  1  further  including  pressure 
adjustment  apparatus  (56,  66)  for  adjusting  the 
pressure  differential  within  the  separation  capil- 

w  lary(12). 

4.  The  system  of  Claim  1  wherein  the  differential 
pressure  device  includes  a  vacuum  arrangement 
that  applies  a  vacuum  to  the  separation  capillary 

15  (12). 

5.  The  system  of  any  preceding  Claim,  further  in- 
cluding  a  flow  adjustment  apparatus  (42,  44)  for 
adjusting  electroosmotic  flow  within  the  separa- 

20  tion  capillary  (12). 

6.  The  system  of  any  preceding  Claim,  wherein  the 
solution  has  pH  less  than  about  7.0. 

25  7.  The  system  of  any  preceding  Claim,  wherein  the 
solution  has  pH  less  than  about  4.0. 

8.  The  system  of  any  preceding  Claim,  further  in- 
cluding  a  detector  device  (18)  connected  to  the 

30  capillary  (12)  for  detecting  migration  within  the 
capillary  (12). 

9.  A  method  of  controlling  the  rate  of  bulk  flow  of  a 
sample  solution  in  capillary  electrophoresis  com- 

35  prising: 
a)  providing  a  capillary  electrophoresis  appa- 
ratus  (1  0)  having  a  flow  region  between  an  in- 
let  (14)  and  an  outlet  port  (16)  of  a  capillary 
tube  (12); 

40  b)  inducing  electroosmotic  flow  of  a  solution 
within  the  flow  region; 
c)  applying  a  pressure  differential  across  the 
flow  region;  and 
d)  concurrently  electrophoretically  separat- 

es  ing  constituents  of  the  solution  by  means  of 
differential  voltage. 
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