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1 INTRODUCTION 

High-performance capillary electrophoresls (HPCE ), the instrumental ap- 
proach to electrophoresls, 1s a method with great potential for the hlgh-reso- 
lutlon separation and purlflcatlon of blologxal substances. There 1s much pub- 
licity and slgmflcant actlvlty In this field An mternatlonal symposium on this 
topic (1st International Symposium on High Performance Capillary Electro- 
phoresls) was held m Boston, MA, U S A , on April lo-12,1989, m which over 
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80 papers have been submitted Review articles have appeared [l-3] as well 
as news features [4-61 Commercial instruments have been or will shortly be 
mtroduced for whole systems 

This paper will overview basic principles of separation and mstrumentatlon 
of HPCE and illustrate some of the typical applications The goal of this review 
is to provide the reader with a sense of the direction of the methodology (a) 
what is the power of the approach? (b) what are the slgmficant areas of m- 
strumentatlon and apphcatlons that are on the horizon’ 

Historically, rods were utlhzed prior to slab gel operation [ 71, while capillary 
columns are often employed today for isoelectric focusmg, as the first dlmen- 
sion m two-dimensional electrophoresls [8] What is new m HPCE is on-col- 
umn or on-lme microcaprllary detection m an analogous fashion to on-hne 
detection m high-performance liquid chromatography (HPLC ) A small sec- 
tion of the polyamide layer is thermally removed to expose the quartz sihca 
tubmg for the on-column detection Fused-silica capillary tubmg (typically 
25-100 cm length and 50-100 pm I D ) is employed The narrow diameters are 
used to dissipate the Joule heat generated from the high fields necessary for 
raprd analysis and high efficiency 

On-column detection in electrophoresls was successfully developed by Cat- 
simpoolas [ 91 and especially HJerten [lo] using a rotatmg tube In these early 
examples, the total tube was scanned for detection purposes Then m the 197Os, 

Fig 1 Electropherogram of fluorescamme-labeled peptldes from a tryptlc digest of egg white ly- 
sozyme Column 100 cm x 75 brn I D , 0 05 M phosphate buffer at pH 7 (see ref 1 ) 



587 

I 1 I 1 1 

0 1 2 3 4 5 6 1 8 
m In 

Fig 2 HPCE separation of polydeoxyadenyhc acid mixture, (dA),O_s, Column 27 cmX75 pm 
I D effective , length 13 cm, runnmg buffer was 0 1 M Tns-0 25 M borate-7 M urea, pH 8 3, and 
the gel contamed 7 5% T and 3 3% C The apphed field was 400 V/cm (see ref 26) 

TABLE 1 

MODES OF OPERATION OF HIGH-PERFORMANCE CAPILLARY ELECTROPHORESIS 

Capillary mode 

1A Zone electrophoresls 
1B Zone electrophoresls with 

electroosmotic flow 

2 Mlcellar electrokmetlc 
chromatography 

Separation pnnciple Typlcal refs 

Electrophoretlc 22,27 
mobdlty - charge, 14,15,18,28,29 
charge density 

Hydrophoblclty, 20,30,31 
complexatlon, 
charge 

3 Gel electrophoresls Size, charge 21,26,32 

4 Isoelectric focusing PI 16,22,32 

5 Isotachophoresls See Zone 
electrophoreas, 
displacement mode 

11,33,34 

6 Packed column electro- HPLC modes 35 
osmotic chromatography 
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Everaerts et al [ 111 developed capillary displacement electrophoresls or cap- 
illary lsotachophoresls Interestingly, commercial mstrumentatlon of capillary 
lsotachophoresls was mtroduced m the mid 197Os, mcorporatmg many of the 
features of current equipment (albeit at a less developed level) However, cap- 
illary lsotachophoresis was not a commercial success for several reasons One 
of the most slgmficant factors was that the needs of the biological sciences of 
the 1970s were different from those of today Today, separation and purifica- 
tion methods which handle low sample amounts are required for analysis and 
for subsequent characterlzatlon, e g microsequencmg of peptldes and mass 
spectrometry HPCE, a method well suited to low sample quantities, matches 
the needs of the times 

Two papers on HPCE introduced the potential of this approach [12,13] 
Then, m the early to mid 1980s several laboratories played a significant role 
m the advancement of HPCE Jorgenson and Lukacs [ 141 demonstrated the 
very high resolution possible by this approach and Hjerten and Zhu contrlb- 
uted slgmficantly to open-tube electrophoresis [ 151 and capillary isoelectric 
focusing [ 161 Tsuda et al [ 171, Lauer and McMamgill [ 181 and our group 
[ 191 have also shown the high efficiency and selectivity possible Terabe et al 
[ 201 introduced mlcellar electrokmetic chromatography. Our group [ 211, as 
well as HJerten’s [ 221, introduced gel-filled capillary columns Zare’s labora- 
tory [ 231, as well as Sepamak’s [ 241 among others, nntlally showed the power 
of laser-induced fluorescence detection, and Ohvares et al [ 251 were the first 
to demonstrate the potential of couplmg HPCE to mass spectrometry (MS ) 

The power of HPCE can be illustrated by Fig 1 which shows an open-tube 
separation of fluorescamme-labeled peptldes obtained from the tryptic digest 
of lysozyme [l] and Fig 2 shows the separation of polyadenyhc acids (40-60 
bases) m a polyacrylamlde gel column [26] Along with the great resolving 
power, an HPCE instrument can be utibzed m a variety of selectivity modes 
of separation as hsted m Table 1 Thus, a great deal of analytical mformatlon 
on complex mixtures can be obtained by the use of different prmclples of elec- 
trophoresls HPLC separation deals, on the other hand, with the interaction 
of solutes with chromatographic surfaces, and therefore different selectlvltles 
and elutlon orders often exist m HPLC relative to HPCE Hence, the two 
methods, HPLC and HPCE, may be vlewed as complementary tools Indeed, 
the integration of HPLC and HPCE may represent one of the most powerful 
approaches to separation and analysis m the 1990s 

In this review we will first explore basic prmciples that allow utlhzation of 
the full power of HPCE This will be followed by a discussion of current and 
future trends m mstrumentation We will then focus on the various modes of 
HPCE to illustrate current and future applications 
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2 PRINCIPLES 

In zone electrophoresls, the velocity of mlgratlon of an ion (u) 1s propor- 
tlonal to the electrophoretlc moblhty ( pe. and the field, (E) 

where V= the applied voltage and L = the length of capillary column between 
two reservoirs The electrophoretlc moblhty depends on the charge density of 
the substance and, thus, the overall valence and size, as well as the vlscoslty 
and dlelectrlc constant of the medmm The moblhty also varies strongly with 
temperature, approximately 2% per degree [36] The time (t) necessary to 
migrate the distance between the mJectlon and the detectlon pomts (1 e the 
effective length I) can be determmed from the velocity m eqn. 1 as 

t=!=_=- 1 1L 

v iu,E AV 
(2) 

It should be emphasized that E and L are usually not the same value. 
Band broadening m capillary electrophoresls can result from a variety of 

factors When condltlons are properly deslgned, the major effect controllmg 
band width can be axial diffusion of the solute m the capillary tube. This ~111 
represent the condltlon of maximum efficiency HETP (height equivalent to 
the theoretical plate) then follows the standard molecular &ffuslon term m 
chromatography and the theoretical plates N can be expressed as 

(3) 

where D 1s the dlffuslon coefficient of the substance m the buffer system It 
has been emphasized by a number of workers that the higher the field E, the 
lower the time the molecule spends m the capillary tube (eqn 2) and therefore 
the higher will be the number of theoretical plates Thus, all things being equal, 
higher fields yield faster separations with higher efficlencles 

One of the limits to ever mcreasmg fields 1s the Joule heating generated from 
the apphed power This heat will cause the center of the tube to be at a higher 
temperature than the walls. leadmg to sample &Xfusron_ an-d solvent dens&y 
differences and resultant band broadening Many workers have discussed the 
heat effects on column efflclency and concluded that under normal operating 
condltlons with caplllarles the effect 1s small [30,37-391 However, because of 
the sensltlvlty of the electrophoretlc moblhty with temperature as well as the 
temperature dependence of sample species to complexatlon with buffers, ml- 
celles, etc , good temperature control 1s important for mlgratlon reproduclblllty 

The Joule heating problem has recently been addressed m detail [37-391 
The temperature difference AT from the center to the wall (parabohc temper- 



ature profile) can be expressed as 

3T-E%2d,2 (4) 
where C is the concentration of the electrolyte, d is the molar conductivity of 
the solution and d, 1s the tube diameter This relationship clearly shows that 
the higher the field the narrower the tube diameter must be Thus, capillaries 
are employed m order to reduce the temperature difference across the tube (as 
well as the overall column temperature increase) Small temperature effects 
have been estimated for 25 or 50-pm capillaries if proper thermostattmg is 
employed [39] Typical tube diameters today are 50-100 pm; however, 25 pm 
is commercially available as well 

Eqn 4 further shows that for a given field AT depends on the concentration 
of the buffer selected (C) and the conductivity of that buffer The use of or- 
ganic umvalent buffers is recommended for their relatively lower ioruc con- 
ductivity, e g Tris borate In addition, zwltteriomc buffers can be useful How- 
ever, the buffer and its concentration need to be chosen with column loadabihty 
m mmd (see later) 

The temperature rise also depends on removal of heat from the outside of 
the capillary wall Forced air convection is a sign&ant improvement over static 
air, and flowing liquid baths are an even better means of heat dissipation Solid 
state Peltler devices also provide a very efficient means of heat removal [40] 
Care must be exercised to control the temperature of the whole column, m- 
cludmg the detector region, m order to munmlze hot zones along the capillary 

With respect to resolution, we can write that [41] 

R =1 h!!& J/‘/2 .9 1 [ 1 (5) 
& 

where Ape is the difference m electrophoretic moblhty between two substances 
and j& is the mean mobihty for those species Substitution for N (eqn 3 ) mto 
eqn 5 yields a final expression for the resolution 

[ 1 El 1’2 

[ 1 
l/2 

R, = 0 1841(, __ =o 18A/& - 
Vl 

We LDi& 
(6) 

Eqn 6 demonstrates that higher fields, as expected, produce higher resolu- 
tion Moreover, the lower the diffusion coefficient of the solute, the higher will 
be the resolution, as well This latter effect can be highly sign&cant m that 
high-molecular-weight species can be efficiently separated m HPCE if molec- 
ular diffusion is the hmitmg factor m band broadening For example, m the 
case of DNA restriction fragments, over 600 000 theoretical plates have been 
attained for species with molecular masses m the several milhons [42] Fre- 
quently, when species are adsorbed to surfaces, as m HPLC, the larger the size 
of the molecule the lower will be the rate of desorption and, as a consequence, 
the lower the efficiency and resolution However, m HPCE, since no surfaces 
are m prmciple mvolved, very high efficiencies can be obtained and high mass 
recoveries should be possible Indeed, a future advantage of HPCE with respect 
to HPLC may be the higher recoveries possible for HPCE, particularly for 
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hydrophobic species 
The above equations are directly applicable to zone electrophoresls m which 

there 1s no bulk flow An important area of open-tube HPCE today 1s zone 
electrophoresls with electroosmotlc flow, the bulk flow being derived from the 
zeta potential on the walls of the capillary Thus, In the case of fused s&a 
where a negative charge exists on the walls, bulk flow will occur m the dlrectlon 
of the negative electrode because of the excess of posltlve ions m the double 
layer at the wall 

The electroosmotlc flow creates an apparent moblhty (pt) which can be 
directly determmed from eqn 1 by measuring the velocity of an uncharged 
species The apparent moblhty of the solute (pz ) now becomes 

,@=K?+KZ (7) 

where the mobdltles are added vectorlally Eqns 2,3 and 6 are then appropn- 
ately modlfled using pi Instead of pe 

There are several important conclusions that can be derived from eqn 7 
First, with negatively charged fused-slhca walls, posltlve species will migrate 
faster and negative species slower than a neutral molecule The more electro- 
phoretlcally active a negatively charged species, the later it will elute m the 
electropherogram Ultimately, if the absolute value of ,uu, 1s greater than &J, 
then the negatively charged species will not be detected as it will have a net 
migration towards the posltlve electrode 

In principle, both posltlvely and negatively charged species can be detected 
at one detector site using electroosmotlc flow It must, however, be mentioned 
that oppositely charged species often may adsorb electrostatically to the walls 
of the fused slhca Even the shghtest adsorption, e g k’ less than 0 1, could 
drastically lower efflclencles achievable by HPCE due to slow desorptlon kl- 
netlcs In order to mnnmlze adsorption, low-pH buffers are often selected, par- 
tlcularly for peptldes and proteins [ 28,291, m order to reduce the charge on the 
surface of the walls Phosphate buffer 1s particularly recommended [ 281 Smce 
all the ohgopeptldes will be posltlvely charged at the low pH, a further reduc- 
tlon m adsorption can be achieved by coatmg the wall with a posltlvely charged 
polymer [28] High pH (e g Y 8-9 ) can also be utilized for reduction of ad- 
sorption, as both the capillary walls and the protein (generally) will be nega- 
tively charged [IS] One of the important problems to be solved m the years 
ahead 1s to find stable coating procedures that mmlmlze adsorption of species 
to the walls 

Returning to the issue of band broademng, there are several other potential 
factors that need to be mmlmlzed m order to achieve high performance Con- 
sider first extra column effects arising from the inJector and detector Mmlm- 
lzatlon of these effects can be of critical importance as the total volume of the 
capillary tubing 1s often 1~1 or less It can be calculated that nanohter or lower 
inJection volumes are necessary to ehmlnate the mJectlon volume influencing 
peak width [43] Indeed, a paper recently was pubhshed where 9 pm diameter 
capillary tubing has been used for HPCE and low plcohter inJection volumes 
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were requu-ed [44] For the 1nJectlon of larger volumes of dilute samples m a 
sharp plug, a preconcentratlon or focusing step 1s necessary Examples of fo- 
cused mJectlon are disc electrophoresls [ 221, and inJection of low-conductlvlty 
sample solutions mto gel columns [26] The mJecon solvent as well as the 
buffers selected both downstream and upstream from the sample can thus 
markedly affect performance m HPCE 

With respect to the detector, as m HPLC, the on-column cell volume 1s a 
critical factor As the inJection volume, the cell volume should be m the low 
nanohter range Thus, the opening of the exposed capillary through which light 
1s allowed to penetrate must be small [45] For example, for a loo-pm capll- 
lary, a 15-nl volume would require an opening of only 0 2 mm m order to have 
no maJor effect on efflclency (assuming a 600 000 theoretical plate column) 
Counter-balancing the need to muumlze the opening of the capillary IS the 
reqmrement to have sufficient light mtenslty for solute absorption and low 
noise levels One of the important issues m detector design 1s therefore to ob- 
tam high amounts of light through the cell without substantially decreasing 
column performance 

Another factor which can result m band broadening IS sample overloadmg 
of the column As has been pointed out [ 461, d the sample component contnb- 
utes slgmficantly to the conductlvlty of the band, then the resultant band shape 
may be either tailed or fronted Two ways of overcommg this overloadmg effect 
are (a) reduce sample sizes such that the conductlvlty of the band 1s made up 
predommately from the buffer or (b ) match closely the moblhty of the buffer 
and the solute species. In general, It has been found that the use of low sample 
sizes helps substantially to improve column efficiency [1,X3] When approprl- 
ate care 1s exercised, columns which generate several hundred thousand or 
even greater than one m&on theoretical plates are possible [ 181 Such high 
resolution can be utlhzed for the separation of complex mixtures or m the 
assessment of purity for similar species 

3 INSTRUMENTATION 

A basic instrument of HPCE has many slmllarltles to high-performance hq- 
uld chromatography, as seen m Fig 3 The power supply often 1s m the 30-60 
kV range In addition, a device will be found on all commercial equipment 
which will release the power before the high-voltage electrode can be handled 
Buffers are contained m reservoirs that are large (several mllhhters) relative 
to the column volume ( - 1 ,ul) m order to mmlmlze the effects of electrolysis 
(low currents also mmlmlze electrolysis) It 1s important to degas the buffers 
prior to use, and frequent change of buffers will yield best results 

Injection 1s achieved by dipping the end of the capillary mto the sample and 
either pressurlzmg the sample m the capillary (e g slphonmg) or using elec- 
trophoresls [47,48] In the latter case, sample dlscrlmmatlon can occur as a 
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Fig 3 Diagram of high-performance capillary electrophoresls mstrument (1) Fused-slhca tubing, 
(2) 30-kVpower supply, (3) plexlglas interlock system, (4) on-columnUV detector, (5) platmum 
electrodes, (6) buffer reservoirs, (7) mlcrocentrlfuge vial for collection, (8) analog-dlgltal mter- 
face, (9) recorder, (10) IBM PC control umt (see ref 26 ) 

consequence of the different moblhtles of the sample species [49], however, 
appropriate corrections can be made if the moblhtles are known Both proce- 
dures depend on the vlscoslty of the sample solution and, therefore, care should 
be exercised with respect to the temperature control of the sample solution for 
good quantitative reproduclblhty 

3 1 Detectcon 

Detectlon 1s one of the most critical aspects of the mstrumentatlon Most 
commercial instruments will u-&ally use a UV or UV-VIS detector, although 
m one case simultaneous UV and fluorescence m a diode array conflguratlon 
1s offered [ 501 For UV detection, the confhctmg demands of low cell volume 
for high performance and high cell volume for light passage and low noise levels 
have already been noted Beyond this, light scattering off the capillary walls, 
the location of the photomultlpher tube relative to the capillary and the mten- 
slty of the light source must be consldered In an improperly deslgned detector, 
one can be tricked into believing signals result from samples when m fact they 
represent refractive index changes due to components m the mJectlon sample 
Careful evaluation 1s thus necessary with regard to true signal-to-noise levels 

Fluorescence will undoubtedly become an important HPCE detector m the 
immediate future Fluorescence can be useful m reducing the limit of detection 
and m aiding m specificity. In the case of peptldes or proteins, both free and 
post-column derlvatlzatlon can be an important feature for HPCE analysis 
Post-column derlvatlzatlon 1s particularly appealing m the case of proteins, 
smce a controlled reaction occurs and quantltatlon 1s readily achievable Post- 
column derlvatlzatlon has been successfully developed with munmal band 
broadenmg m very small volumes [51,52] The utlhzatlon of either pre- or 
post-column derlvatlzatlon for fluorescence labeling ~111 become particularly 
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important m areas such as ammo acid analysis and sequencmg. In the case of 
ohgonucleotides, fluorescence dyes such as ethidmm bromide can be utlhzed 
for selected detection of DNA molecules [ 531 

The use of lasers or laser-mduced fluorescence opens up the possiblhty of 
extremely low detection limits Whereas m HPLC, laser detection has not yet 
been commercially mtroduced, there is a real possibihty that such detection 
may occur for HPCE, due to the low concentration detection limit If we as- 
sume a detector volume of ‘2 nl and a mass detection hmlt of 2 ng, then the 
lower concentration detection limit m the detector cell is 1 mg/ml The cell 
volume m an HPLC system is roughly 2 ~1, hence, for the same mass detection 
hmit (2 ng), the concentration limit m the HPLC detector would be 1 pug/ml 
or lOOO-fold less than that m HPCE In order to handle conveniently dilute 
concentrations of sample, it is necessary to reduce the detection limit m HPCE 
by usmg more sensitive detectors A 2-pg mass detection hmit m HPCE would 
yield 1 yg/ml concentration limit, corresponding to that m HPLC, and a 2-fg 
level would represent 1 ng/ml Laser-mduced fluorescence, which can detect 
m the femtogram range or even lower, thus offers the possibihty of detection 
of dilute solutions of sample components as well as a wide dynamic range 
Recently, Dovichl’s laboratory [ 541 has shown impressive separations of fluo- 
rescem lsothiocyanate ammo acid derivatives to the attomole and subattomole 
levels (see Fig 4) The molecules are detected m a flowing sheath after the 
capillary m order to mnumlze light scattering 

A useful spectroscopic approach for universal detection at low levels is to 
employ indirect fluorescence Here, as developed by Kuhr and Yeung [55], a 
fluorescently active component is either added to the buffer or is a buffer com- 
ponent itself, e g sahcylate, and mdividual molecules are detected as vacancy 
peaks from the high fluorescent background Using mdirect laser-induced flu- 
orescence, Kuhr and Yeung [ 551 have been able to detect attomole levels of 

Fig 4 Separation of between 2 and 7 amol oi eighteen fluorescem lsothlocyanate derlvatlves of 
ammo acids The separation IS driven by a 25kV potential, and a pH 10 buffer IS used for both 
the separation and the sheath stream InJection was for 10 s at 2 kV Ammo acids identified 
1 =Arg, Z=Lys, 3 =Leu, 4=Ile, 5=Trp, 6=Met, 7=Phe, Val, His and Pro, 8=Thr, 9= Ser, 
10 = Cys, 11~ Ala, 12 = Gly, 13 = Tyr, 14 = Glu, 15 = Asp, peaks marked B are associated with the 
reagent blank (see ref 54 ) 



nucleotldes This approach holds much promise as a umversal detection scheme 
of high sensltlvlty 

Besides the spectroscopic approaches, other detection methods have also 
been developed Conductlvlty has been successfully utlhzed by Huang et al 
[ 561 in the detection of hthlum This detector can prove useful for small ions 
which are highly conducting Electrochemical detectors can also be employed, 
using an approach developed by Wallmgford and Ewing [ 571 Here, the elec- 
trochemlcal detector 1s isolated from the high electric field of the capillary by 
connectmg a separate short piece of capillary to the column using porous glass 
The electrode that completes the clrcult for HPCE 1s posltloned on the outside 
of the porous glass and the electrochemical detector 1s downstream from the 
capillary Jomt Ions that exit the electrophoretlc capillary move by lammar 
flow towards the electrochemical detector where they are subsequently de- 
tected The flow through the capillary need not cause excessive broadening 
[ 581 A third detector currently under development 1s a radloactlvlty detector 
[ 31 This approach promises to be useful m the transfer to HPCE of those slab 
gel electrophoretlc apphcatlons where radlolabelhng plays a significant role 

A final detector under rapid development 1s the direct couphng of HPCE to 
MS This 1s an obvious marriage, given either zero flow or low liquid flows 
exltmg the capillary In the first attempt at couplmg, the capillary exit has 
been maintained at atmospheric pressure, employing either electrospray by 
Smith’s group [59] or, more recently, atmospheric pressure lomzatlon MS by 
Hemons group [60] Both of these approaches can be successfully used and 
with further development, lncludmg higher vaporlzatlon and lomzatlon effi- 
clencles, can lead to low-level detection, e g picogram detection hmlts of pep- 
tides The electrospray method represents a new approach to MS m which the 
species fragment into a series of multiply charged ions Using this approach, 
Smith [61] has been able to detect ions of over 100 000 MW using a standard 
low-molecular-mass mass spectrometer Most recently, Ewing’s [ 62 ] and Ca- 
prloh’s [ 631 laboratories have adopted the porous-glass connection approach 
cited above to flowing fast atom bombardment Successful results have been 
obtamed m the analysis of peptldes from tryptlc digests separated by open- 
tube HPCE [63] There 1s no questlon that there will be much activity in the 
MS couplmg area In the immediate future, and there 1s a great hkehhood that 
HPCE-MS will take Its rightful place beside gas chromatography (GC)-MS 
and HPLC-MS 

3 2 Collection 

Irntlally, HPCE was viewed simply as an analytlcal tool, however, without 
the ability to collect and to characterize and utlhze the purified materials, HPCE 
would be severely limited It IS essential that HPCE have mlcropreparatlve 
capablhtles m order to identify and confirm mdlvldual peaks With current 
methodology, low plcomole amounts of material are sufficient for mlcrose- 



quencmg, e g 150 ng for 100 pmol of MW 1500 and 15 pug for 100 pmol of MW 
10 000 Such amounts are well wlthln the mlcropreparatlve capablhtles of 
HPCE 

The orlgmal commercial capdlary lsotachophoretlc Instrument had collec- 
tion capablhtles m which eluted bands were transported to a collection device 
by a cross flow of solvent [ 111 HJerten and Zhu [64] have advocated a sweep 
hquld after the capdlary to carry the samples to a standard HPLC detector and 
fraction collector A simpler approach 1s to collect samples directly m a fraction 
collector With electroosmotlc bulk flow, one can automatically collect the hq- 
uld as it exits the capdlary [65] If there 1s no bulk flow as m the case of gel 
columns or coated tubes, the capillary and electrode can be dipped into a frac- 
tion vial contamlng several mlcrohters of a conductive medium of buffer or 
even water [ 261 

Small peptldes have been successfully collected from sodmm dodecyl sulfate 
(SDS) polyacrylamlde gel columns and mlcrosequenced at the plcomole level 
[66] Indeed, the above collection In water partially decoupled the buffer sys- 
tem from the fraction collection step In addltlon, a 20-mer primer was purlfled 
from a polyacrylamlde gel column and ldentlfled by a standard dot blot assay 
[26] In both examples, remJectlon of fractions revealed high recoveries of 
species 

Relative to slab gel electrophoresls, mlcropreparatlve HPCE offers the ad- 
vantages of speed, recovery, automation and resolution capablhty As an ex- 
ample of speed, standard procedures for purlficatlon of ohgonucleotldes re- 
quire two days [ 261, whereas the HPCE experiment can be completed in less 
than 1 h The ablhty to collect trace amounts of samples wlthout lyophlhzatlon 
can be advantageous relative to HPLC with respect to recovery In addition, 
blologlcally active species can be collected from HPCE columns In open-tube 
or non-denaturing gel systems 

Studies are required on optlmlzed condltlons for sample capacity The com- 
promise w&h respect to tube diameter (for capacity ) and speed (1 e Joule heat- 
mg) needs to be addressed Bundles of caplllarles have been suggested as an- 
other approach to increase capacity [ 481 It should also be noted that the rapid 
separations possible on lOO-pm caplllarles may favor a multiple inJectIon ap- 
proach on such columns for mcreased capacity Depending on the resolution 
available, 500 ng-1 pug should be convemently collected m one run In addltlon, 
commercial fraction collectors that are computer-controlled are necessary for 
routine operation In the future, both HPCE-MS and mlcropreparatlve HPCE 
will be utlhzed in the ldentlflcatlon and conflrmatlon of species 

4 OPEN-TUBE HIGH-PERFORMANCE CAPILLARY ELECTROPHORESIS 

At present, the greatest actlvlty ln HPCE mvolves open-tube operation us- 
mg fused-slhca caplllarles Most work utlhzes fused slhca with charged sur- 
faces m which electroosmotlc flow takes place, however, some separations are 
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Fig 5 Separation of N-X-pyndylglycamlnes derived from various reducmg monosaccharides Car- 
rier, 200 mM borate buffer, pH 10 5, apphed potential, 15 0 kV, detectlon, UV absorption at 240 
nm Peak assignment of parent saccharides Reag = reagent, 1 = N-acetylgalactosamme, 2 = lyxose, 
3 = rhamnose, 4 = xylose, 5 = rlbose, 6 = N-acetylglucosamme, 7 = glucose, 8 = arabmose, 9 = fucose, 
10 = galactose, I S = cmnamlc acid (Internal standard), 11 = glucuromc acid, 12 = galacturomc 
acid (see ref 72 ) 

being conducted with neutral coated surfaces rn which electroosmotlc flow 1s 
zero or very low [ 271 We can anticipate a wide variety of apphcatlons m the 
next few years dealing with diverse organic and blochemlcal mixtures 

One area of potentral importance 1s ammo acid analysis While ammo acid 
analysrs has become well developed and automated usmg HPLC [ 671, the need 
for the determmatlon of ammo acid content at low mass levels remains As 
already cited, Frg 4 shows the separatron of derlvatlzed ammo acids usmg an 
ultratrace laser detector, m which very low levels of mass detectron have been 
achieved For example, u-r the best case, thus cited paper reports a detection 
hmlt of 0 05 amol for argnune correspondmg to only 5700 molecules As rightly 
noted by the authors [ 541, real-world detection at such minute levels may not 
be feasible since extreme care would be required with respect to sample ma- 
nlpulatlon to mnnmlze losses due to adsorptron, etc However, the apphcatlon 
of HPCE separation and detection procedures to sample amounts below that 
possible today 1s clearly going to occur m the future One can also anticipate a 
decrease m sample size rn Edman peptrde mlcrosequencmg usrng HPCE with 
laser detectron and fluorescent-active phenylthlohydantom-type derlvatlves 

As another example with respect to ammo acids, there 1s often a need to 
determine the optrcal purity of specific ammo acids. For example, the raceml- 
zatlon of aspartlc acid 1s sometimes used as a basis for dating the organic con- 
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tent of archeological obJects [68] Two approaches for choral analysis can be 
used m this case, either the formation and separation of a dlastereomerlc de- 
rlvatlve such as with Marfey’s reagent [69] or the direct separation of mdlvld- 
ual ammo acids using choral additives or buffers [2,23,70 ] Choral separation 
at the low sample amount level 1s clearly an area that will be developed m the 
next several years using as a foundation the important mformatlon already 
available from GC and HPLC [ 711 

Recently, an mtrlgumg paper on the separation of monosaccharides via de- 
rlvatlzatlon to N-2-pyndylglycammes has appeared [ 721 In this example, an- 
ionic borate complexes of czs-dlols created the charge for electrophoretlc sep- 
aration, as shown m Fig 5 The same type of borate complexatlon has been 
utlhzed m the selective separation of catecholammes [73] It 1s clear from 
these results, as well as the choral separation work, that there 1s a wealth of 
chemistry that can be manipulated to affect separation m HPCE One of the 
goals of the next few years will be to examme a variety of complexatlon schemes 
with respect to the separation of lomc species 

4 1 Peptldes and protems 

Another area of great interest for open-tube HPCE 1s peptldes and protems, 
and we can antlclpate a great deal of activity on this topic over the next several 
years It has been possible to resolve peptldes and protems by HPCE on the 
basis of charge differences at a given pH [l&28,29,74] As a consequence, ma- 
mpulatlon of pH can be an important selectlvlty tool If adsorption on the walls 
takes place, a small amine (e g putrescme [ 181) can be added to cover the 
adsorption &es Alternatively, as already mentloned, low-pH buffers can be 
utilized [ 28,291 One must, however, be mmdful that proteins may not be sta- 
ble at low pH For example, McCormick [ 281 has shown that subunits of hemo- 
globin could be dissociated m the column at pH 2 1, leading to multiple peaks 
for a single pure species (Increased temperature caused by Joule heatmg could 
also denature proteins ) For both strategies to reduce adsorption, 1 e addition 
of base or low pH, the electroosmotlc velocity will be lowered as the zeta po- 
tential on the walls 1s decreased This change m pz can improve resolution [ 1 ] 
albelt at the price of longer analysis times 

Closely related peptldes and proteins have also been resolved by open-tube 
zone electrophoresls For example, seven ammo acid peptldes dlffermg only m 
one neutral ammo acid have been successfully separated (1.e silent mutants) 
[ 291 In another example [ 751, Fig 6A shows the separation of a 70 ammo 
acid peptlde IGF I (peak B ) and a by-product (peak A) m which the dlsulfldes 
have been scrambled (see Fig 6B) At pH 11 m this figure, a high electroos- 
motlc velocity occurs, reducing resolution Perhaps addltlon of a base, as noted 
above, would prove useful Nevertheless, the separation does demonstrate the 
power of the method to biotechnology problems 
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Fig 6 (A) Electropherogram peakA=r-IGFby-product (0 l%),peakB=r-IGFI (0 1%) Elec- 
trolyte buffer, pH 11 1 10 mA4CAPS (3-cyclohexylammo-l-propanesulfomcacld)-5 mMsodlum 
borate-l mMEDTA Iqectlon, 10 kV for 10 s, length ofcaplllary, 120 cm (105 cm to the detector), 
voltage for electrophoresls, 250 V cm-’ at 25 ,uA, detectlon, 215 nm (B) SchematIc view of the 
structures of r-IGF I and r-IgF by-product (see ref 75 ) 

Other lmpurltles of degradatlve products of recombmant materials can be 
determmed as well. For example, deamidatlon will yield an addltlonal carboxyl 
group on a peptlde, and the deamldated product can be resolved from the aml- 
dated one by takmg advantage of the charge difference [ 761. Sulfoxldes of 
methlonme are also resolvable We can also antrcipate important apphcatlons 
m the glycoprotem area where size (carbohydrate) and charge (slahc acid) 
will play a role on migration time 
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TABLE 2 

COMPARISON OF PEPTIDE RETENTION ORDER ON HPCE AND REVERSED-PHASE 
HPLC 178) 

Peptlde Residue HPCE, Reversed-phase HPLC, Reversed-phase HPLC, 
number pH85” pH21b pH74’ 

Oxytocin 9 4 1 
Bradykmm 9 3 2 
Anglotensm II 8 1 3 
Neurotensm 13 2 4 
Anglotensm I 10 2 5 

“Buffer 0 1 M Trw borate, 0 1 M SDS 
‘See J L Meek, Proc Nat1 Acad Scl ,77 (1980) 1632 

Smce the above degradatlve analyses are also possible by HPLC [ 771, HPCE 
should be viewed as a complementary tool to HPLC for assessment of purity 
of recombinant materials As we have noted, HPCE provides different Infor- 
mation than HPLC as a result of an alternative mechanism of separation This 
can clearly be seen m Table 2 in the elutlon order varlatlons of some simple 
peptldes by HPCE and reversed-phase HPLC at pH 2 1 and 7 4 Interestingly, 
SDS mlcelles have been utlhzed for the low-pH HPCE separation Retention 
of the peptldes 1s affected both by ion palring and by partition within the m- 
terror of the mlcelle (see later) 

Researchers are explormg a variety of parameters, such as pH, SDS, etc 
that affect retention of peptldes in open-tube HPCE Recently, Nyberg et al 
[ 791, based on earher work [80], have shown that the retention of small pep- 
tides can be predicted by the relationship of M2j3/Z, where A4 1s the molecular 
weight and Z 1s the valence of the molecule More study 1s necessary in order 
to examme the range of validity of this relationship and to understand the role 
of buffer-peptlde mteractlons on retention m HPCE In addition, as the mol- 
ecules become larger, the overall conformation of the species may affect elec- 
trophoretlc moblhty 

Another important potential open-tube HPCE apphcatlon 1s enzymatic (e g 
tryptlc) digest analysis (see Fig 1) Early results are promlslng for peptlde 
mapping, but work needs to continue, as m peptlde separation by HPCE itself, 
on mlmmlzmg adsorption and opening up the time window of separation Be- 
cause of rapid separation, it should also be possible to use HPCE to optlmlze 
the digest condltlons themselves Ultimately digest analysis may be routmely 
conducted by HPCE, with direct couplmg to MS [25,60,62,63] 

4 2 Electroklnetlc chromatography 

We have already pointed out the power of mampulatlon of separation by the 
addltlon of complexmg species to the buffer phase An important advance m 
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thus area was the mtroduction of mlcelles m the zone electrophoretlc expen- 
ment [ 20,301 A surfactant, such as SDS, above its crltical mmelle concentra- 
tion ( - 10 mM, depending on conditions) will form collordal micelles m whmh 
the interior of the collold IS hydrophobic and the exterior IS negatively charged 
Whrle the micelles break and form on the mrllisecond time scale, there 1s suf- 
ficient time to solubihze hydrophobic species within the interior Because of 
Its high charge density, the mlcelle will migrate at a slow fixed rate toward the 
negative electrode under electroosmotlc flow caused by the negatively charged 
fused-silica capillarres. The collordal mlcelle acts m a manner srmrlar to a sta- 
tionary phase m chromatography, and separation 1s based on partitron within 
the mlcelle 

Neutral species were first separated by mlcellar electrokmetic chromato- 
graphy. When no mlcelles are present, neutral solutes ~111 migrate with the 
electroosmotlc flow, and no separatron will result. However, with the addition 
of SDS, separatron is possrble as shown rn Frg. 7 [ 811, where cold medlcatron 
sample components elute m order of mcreasmg hydrophoblcity Note the high 
efficiency possible with this approach. The capacrty factor I’ for partition can 
be written as 

&I= tR--tO 
=I+ 

tO(l--tR/&n) M 
(8) 

where tR- - retention time of solute, to = retention time of solute movmg at the 
rate of bulk flow, t, = mlcelle retention time, K= partition coefficient, V, and 

4 

1 -3 

,111 
I I 1 I 

5 10 15 20 

tlme/mln 

Fig 7 Mlcellar electrokmetlc chromatographlc analysis of cold medIcme Peaks 1 = acetammophen, 
2 = caffeine, 3 = sulpyrm, 4 = naproxen, 5 = gualphenesm, 6 = impurity, 7 = phenacetm, 
8 = ethenzamlde, 9 = 4-lsopropylantlpyrme, 10 = noscapme, 11 = chlorphemramme and tlpepl- 
dme Apphed voltage, 20 kV, capillary, 650 mm ~0 05 mm I D ,500 mm to the detector, detection 
wavelength, 220 nm (see ref 81 ) 
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titie/min 
Fig 8 Separation of a mixture of eighteen deoxyohgonucleotldes, each with eight bases Buffer 7 
A4 urea, 20 mA4 Tns, 5 mM Na,HPO,, 50 mM SDS, 3 mM Zn2+ (see ref 19 ) 

V,= (mlcellar ) and mobile phases, respectively Dlffer- 
ences m i’ (or K) for different substances are the cause of separation It should 
also be mentioned that besides allowmg resolution of neutral species, the time 
wmdow for possible separation is expanded up to the elution time of the mlcelle 
(1 e K very large) Interestingly, as m HPLC, gradient elutlon is possible by 
addition of either organic solvent or non-ionic surfactants [ 821 

Recently, workers have recognized that the micelle system can create added 
selectivity when species of different charges are to be resolved, for example, 
the separation of neutral from negatively charged nucleic acid constituents 
[83] In addition, positively charged species can ion pair to the negatively 
charged SDS mlcelles with significant retention changes [ 73,841. It should be 
noted that the negatively charged mlcelle will also be a competitor with the 
negatively charged wall, thus reducing electrostatic adsorption of positive spe- 
cies with the wall and enhancing efficiency 

Besides ion pairing, one can manipulate the chemistry on the surface of the 
mlcelles for separation. For example, metal ions will be electrostatically at- 
tracted to the SDS mlcelle surface and be available for complexatlon with sol- 
ute species [ 191. Usmg zinc-SDS mlcelles, Fig. 8 shows the separation of four- 
teen out of eighteen 8mers of deoxyohgonucleotides that drffer m their base 



sequence Dlfferentlal metal complexatlon of the deoxyohgonucleotldes plays 
a slgruficant role m the separation mechamsm As another example, optlcally 
active mlcelle surfaces can be utlhzed to separate choral species For example, 
an optically active chelate-detergent complex with metals can be used to sep- 
arate D,L-dansylated ammo acids [ 21 

Mlcelles represent only one type of complexmg addltlve for electrokmetlc 
chromatography Cyclodextrms, that have been chemically altered to create 
charge on the complexmg agent, e g 2-0-carboxymethyl-P-cyclodextrm, can 
be used for selective separations of mcluslon compounds [ 85] Iomc polymers, 
e g polybrene, can also be added to the buffer to create a type of ion-exchange 
chromatography [86] These and other addltlve approaches follow a strategy 
already developed m affinity electrophoresls or affmophoresls [87] As 1s the 
case m HPLC [ 881, we can anticipate the mtroductlon of many chemical se- 
lectlvltles m the next few years to manipulate separation m open-tube HPCE 

4 3 Deoxyolgonucleotrde restrlctlon mapprng 

Restriction fragment separation and mappmg of DNA molecules 1s today 
one of the most important apphcatlons of slab gel electrophoresls. In this ap- 
phcatlon, using an appropriate restrlctlon enzyme [ 891, double-stranded DNA 
1s speclflcally cut (depending on sequence) into fragments of different base 
number or molecular mass As presently conducted on slab gels [ 901, the sep- 
aration 1s typlcally achieved using different gel composltlons, since the molec- 
ular masses of the fragments can vary from a few thousand to several m&on 
Open-tube zone electrophoresls has the capablhty of resolving a very wide mo- 
lecular weight range of species m one run, however, It has generally been be- 
lieved that ohgonucleotldes would possess the same electrophoretlc moblhtles 
independent of base number m free solution [ 911. 

Recently, several reports have appeared that lend encouragement that open- 
tube HPCE can be used for restrlctlon mapping Fig 9A shows the separation 
with electroosmotlc flow of a RDNA-Hmd III-$X-174DNA-Hae III mixture, 
contammg at least 18 deoxyohgonucleotldes from 72 base pairs (46 000 MW) 
up to 23 000 base pairs (15 000 000 MW) [ 421 Fig 9B presents the same 
mixture which has been spiked by slab gel-punfied fragments The buffer sys- 
tem consisted of 0 1 M Trls borate (pH 8 1 ), 7 M urea, 2 5 mM EDTA and 
0 1% SDS InJectIon of heated samples also proved most effective m high res- 
olution The average plate count for mdlvldual peaks was 600 000, which means 
that roughly a 0 5% difference m moblhty will yield basehne separation Smce 
the free zone electrophoretlc moblhty of deoxyohgonucleotldes at room tem- 
perature 1s roughly 10m4 cm2/V s [ 901, the high plate count means that species 
with mob&y differences as small as 5. 10e7 cm2/V s can be resolved The high 
resolvmg power 1s undoubtedly one of the reasons for the result m Fig 9 

A second approach for open-tube HPCE separation of restrlctlon fragments 
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Fig 9 (A) Separation of DRIgest TM III (EDNA-Hmd III-$X-174DNA-Hae III) Sample heated 
for 20 mm at 6O”C, injected hot by slphonmg (3-4 nl) (B) Separation of DRIgest III sample 
spiked with four slab gel electrophoretlcally pumfied fragmenta 72 (a), 564 (b), 4362 (c) and 
23 130 (d) bp Note the increased peak areas for the spiked peaks relative to those m (A) Con- 
ditions (A and B) buffer, 0 1 M Trls borate, pH 8 1,2 5 mMEDTA, 0 1% SDS, 7 Murea, column, 
300 mm ~0 075 mm I D , effective length 150 mm, applied voltage, 15 kV, 30 PA, detection, UV, 
260 nm, temperature, 27 -t 0 5°C (see ref 42 ) 

1s to add a catlomc surfactant to the buffer [53] Thus IS another example of 
electrokmetlc chromatography m which mlcelles and ion pairing are utlhzed 
for separation There are probably a variety of other chemlstrles that can be 
mcorporated into the buffer for the achievement of ohgonucleotlde separation 
HPCE clearly has great potential m restrlctlon fragment mapping for both 
molecular blologlc and forensic science apphcatlons (DNA fingerprmtmg ) 

5 ISOELECTRIC FOCUSING 

Another approach which can be mcorporated within the capillary electro- 
phoresls mstrument is lsoelectrlc focusmg m which substances are separated 
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Fig 10 Capillary lsoelectrlc focusmg of protems Sample commercial standard protem mixture 
contammg rune proteins with pl range of 3 5-10 6, 2 mg/ml with 0 05% methylcellulose m 3% 
ampholyte mixture with pH range of 2-11 Condltlons 20 mm focusmg at 6 kV, 10 ,uA followed 
by 40 mm moblhzakon at 10 kV Detectlon at 280 nm (see ref 32 ) 

on the basis of their lsoelectrlc points or pl values [92] This method can be 
highly resolving, and It can be anticipated that rapid development will occur 
m the years ahead As shown by HJerten and Zhu [ 161, the open-tube capillary 
1s lnltlally coated with a neutral hydrophlhc polymer The sample components 
are then typically mixed with the carrier ampholytes which span the desired 
pH range, e g. 3-10, and the mixture 1s inJected mto the capillary Upon the 
apphcatlon of an electric field, the sample ions concurrently focus with the 
carrier ampholytes, and this focusing can be followed by the drop m current 
The focused material can then be eluted from the capillary by a pressurized 
flow, e g simply lifting the height of one capillary and permlttmg the sample 
to flow by the detector cell Alternatlvely, after focusing, salt (e g sodium chlo- 
ride ) can be added to the anolyte (acid reservoir ) or catholyte By the principle 
of electroneutrahty, sodium ions can exchange for protons m the tube, gener- 
ating a pH imbalance gradient which causes the elutlon of the components 
[93] Sharp peaks are obtained with good resolution, and a large peak capacity 
1s observed An example of lsoelectrlc focusing 1s shown m Fig 10 which dem- 
onstrates the separation of nine standard proteins [32] Interestingly, as m 
this case, one often observes extra peaks in an electropherogram for seemingly 
‘pure’ proteins 

The resolving power m lsoelectrlc focusing can be expressed m terms of .4 (~1)) 
the difference m pl of two species for separation [ 92 ] 



(9) 

Good resolution results from species with low diffusion coefficients and a high 
mobility slope at the isoelectric point, a shallow rate of change of pH with tube 
distance and a high electric field High fields will also speed focusmg The use 
of well cooled columns can be of value for resolution and separation speed m 
capillary isoelectric focusing [ 42 ] 

In prmciple, it is not necessary that the electroosmotlc flow be neghglble 
durmg the focusmg step, only that it be less than the time necessary for focus- 
mg However, reproduclblhty from column to column could be problematic In 
addition, the coating on the walls must be sufficiently stable to allow good 
reproducibility from run to run with the same column Clearly, coating chem- 
istry will play a slgmficant role in this method 

Smce the whole tube is simultaneously used, larger sample amounts can be 
mjected than normally m free zone electrophoresls [22] Nevertheless, one 
must be cognizant of the posslblhty of precipitation at the pl of the protem 
Such an effect will show up on the electropherogram as a spiked signal and a 
non-linear calibration curve Further study is necessary to fully utilize capll- 
lary isoelectric focusing, but one can envision this method becommg a powerful 
tool m HPCE, particularly in peptlde mappmg In addition, it IS likely that 
when fully developed, the approach may be used as the first dimension m two- 
dimensional electrophoresls [ 81 

6 HIGH-PERFORMANCE CAPILLARY GEL COLUMNS 

Gels were orlgmally introduced on flat plates as a means of reducing con- 
vection (1 e an anticonvective medium) In the case of capillaries, the wall can 
serve to some extent as an anticonvective medium, particularly at the high 
surface area-to-volume ratios possible m narrow-bore capillaries [ 131 Gel col- 
umns, however, provide unique modes of selectivity, and it is for this reason 
that they represent an important approach m HPCE The fibrous nature of 
polyacrylamlde and agarose causes a sieving effect m which small molecules 
migrate faster than larger-sized species In the case of SDS polyacrylamlde gel 
electrophoresls (SDS-PAGE) of peptldes and proteins, each SDS species has 
the same charge density and shape, and separation is based solely on size or 
molecular mass For ohgonucleotldes as well, gel columns also separate by size 
(base number), since mobility m free solution is roughly independent of size 
In the case of non-denaturing gels for peptldes and proteins, both size and 
charge will contribute to separation 

It is possible to conduct SDS-PAGE using narrow-bore capillaries [ 211 Pre- 
viously, it was shown that cyanogen bromide fragments of myoglobln could be 
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separated on such columns A linear relationship existed between log MW of 
the species and electrophoretic mobility. A similar relationship was found for 
proteins and by variation m monomer composition (% T), and use of Ferguson 
plots, it was demonstrated that pure size separation was achieved An SDS- 
PAGE separation of six molecular mass marker proteins IS shown m Fig 11. 
As already mentioned, peptides have been collected from SDS-PAGE gel col- 
umns and successfully sequenced [ 671. In addition, non-denaturing polyacryl- 
amide gels can be employed [ 21. Further work is needed to extend the molec- 
ular mass range and to maximize the resolving power of PAGE columns. 

In a second example, Fig. 2 has shown the polyacrylamide gel separation of 
polydeoxyadenyhc acids. High-performance separation has been achieved with 
single base resolution m short time. Such results suggest that capillary gel 
electrophoresis has real potential as the separation method for DNA sequenc- 
mg Interestmgly, the origmal work on an automated sequencing instrument 
involved a gel tube [ 941, before slab gels were commercially incorporated Cap- 
illary gel columns will need to be further examined with a variety of ohgonu- 
cleotide mixtures to optimize separation for DNA sequencmg In addition, for 

12 18 25 

Fig 11 SDS-PAGE separation of molecular mass markers Condhons 300 V/cm, 12 PA, 25°C 
mlgratlon, distance, 15 cm, fused-slllca capillary, 75 pm (1 ), T = 7 5%, C = 5% Buffer 0 1 M Tns 
borate, pH 7 3,0 1% SDS, 8 M urea Samples 1 = tracking dye, 2 =lysozyme, 3 = /I-lactoglobulm 
A, 4 = trypsmogen, 5 = pepsin, 6 = egg albumin, 7 = bovme albumm Monhnng at 220 nm 
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the required low-level detection, laser-induced fluorescence or some other 
comparably sensitive detection prmclple will be required. 

Besldes the potential for sequencing, the gel columns provide a rapid means 
of purity assessment of synthesized ohgonucleotldes and mlcropreparatlve lso- 
latlon of such species [ 261 It IS often found by HPCE that ohgonucleotldes 
(or proteins) purified by slab gel electrophoresls still contain trace (or higher) 
amounts of lmpurltles mlgratmg close to the major peak Since fractions can 
easily be collected from capillary gel columns, mmropreparatlve apphcatlons 
of such columns may prove to be slgnlficant m biotechnology 

The gel columns can also be used with complexmg agents to achieve unique 
selectlvltles As practiced In affirnty electrophoresls [ 951, one can either chem- 
ically attach complexmg agents to the gel matrix or incorporate the agent into 
the polymeric fiber gel matrix Our laboratory has used the latter approach of 
entrapment by polymerlzmg polyacrylamlde m the presence of the neutral in- 
cluslon compound, /?-cyclodextrm By this mcorporatlon Into the gel matrix, 
the complexmg agent 1s lmmoblle when uncomplexed and migrates only slowly, 
if at all, when complexed with lomc species The column can be considered to 
be analogous to an HPLC column m which the complexmg agent 1s fixed to 
the solid support Fig 12 shows the separation of D,L-dansylated ammo acids 
using a P-cyclodextnn gel column These mcluslon compounds are well known 
to resolve choral species [97] Over 100 000 plates have been obtained with an 
effective length of 15 cm at a field of 1000 V/cm As with open-tube operation, 
there IS a wealth of chemistry that can be utlhzed in gel column operation 

There are several general features of gel columns that are worth noting Fnst, 
the dlffuslon coeffmlent of any solute will be lower than m open-tube electro- 
phoresls because of the high viscosity of the gel Large plate counts are thus 
achievable (eqn 3 ), for example, In Fig 2 the average plate count 1s 600 000 

\ 11 1”’ 1 ’ ! ” 1 ’ 11 11 f ! 1”’ 
0 10 7.0 mm 

Fig 12 High-effwency separation of D,L-dansylated ammo acids 1 =Dns-L-Glu, 2 =Dns-D-Glu, 
R=Dns-L-Ser,4=Dns-D-Ser, 5=Dns-I,-Leu, 6=Dns-D-Leu Buffer 0 1 MTns,O 25Mborlcacld 
(pH 8 3), 7 Murea Gel T=5%,C=3 3% Capillary 150 mmXO075 mm ID , E=lOOO V/cm 
(see ref 96 ) 
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for an effective column length of 13 cm Secondly, when the field 1s switched 
off as m collection [ 261, mmlmal dlffuslonal band broadenmg ~111 occur This 
result means that computer-controlled heart cuttmg of peaks for high purdl- 
cation should be achievable, even for high-performance columns. Thirdly, elec- 
tric fields can be readily programmed without slgmflcant band broadenmg, 
both for mampulatmg the rate at which substances enter a mass spectrometer 
or for enhancing separation [ 981 Fmally, focusing of samples upon mJectlon 
m the gel column 1s possible, either by mampulatmg the conductlvlty of the 
sample solution or by disc electrophoresls 

Further work 1s necessary for full utlhzatlon of the gel columns Care must 
be exercised not to mtroduce bubbles mto the column upon mJectlon Sec- 
ondly, UV detection of protems at 210 nm or lower 1s difficult because of the 
interference of the gel An answer around this Issue IS to couple an open tube 
to the gel column and to detect m the open-tube region However, while suc- 
cessful, this approach needs further optlmlzatlon Successful operation at 220 
or 280 nm 1s also possible Nevertheless, the gel columns offer umque selectlv- 
lty posslblhtles under high resolution, and they will be utlhzed along with open- 
tube capillaries for a wide variety of blochemlcal apphcatlons 

7 CONCLUSION 

As this review has demonstrated, HPCE 1s a rapidly advancing field It needs 
to be emphasized that almost none of the cited work has been performed on 
commercial instruments which are only now m the early stages of mtroductlon 
Within the next several years, we can anticipate a wealth of apphcatlons on 
commercial systems 

The immediate future should see the vahdatlon of HPCE as an important 
analytical and mlcropreparatlve tool m peptlde or protein chemistry Ohgo- 
nucleotlde sequencing, restrlctlon fragment mapping and macro DNA sepa- 
rations will also be intensely investigated As already shown [ 221, open-tube 
capillary electrophoresls 1s a viable tool for migration of bacteria and viruses 
Separation of very closely related species will also be demonstrated, takmg 
advantage of the high resolving power A recent good example of the high res- 
olution possible 1s the lsotoplc separation ( 1GO/18O) of carboxyhc acids [ 991 
HPCE-MS will also become a widely utilized tool for analysis of blologlcal 
substances The next few years should see enormous advances 

Finally, It should be again noted that HPCE 1s not a tool to replace HPLC 
or slab gel electrophoresls Rather It 1s complementary Each method has its 
advantages and disadvantages The proper perspective 1s to consider addmg 
HPCE rather than replacmg current methodology 
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8 SUMMARY 

High-performance capillary electrophoresls (HPCE 1, the instrumental ap- 
proach to electrophoresls, 1s a method undergomg rapld development at the 
present time There IS a high expectation that HPCE will become a widely 
applicable tool within the blochemlcal commumty This review presents prm- 
clples and mstrumentatlon followed by typlcal apphcatlons of HPCE m the 
blologlcal area In the mstrumentatlon area, particular attention 1s paid to 
current and future detectors, mcludmg laser-Induced fluorescence and HPCE- 
mass spectrometry In the apphcatlons sectlon, both peptlde or protem and 
ohgonucleotlde high-resolution separations are described for open-tube and 
polyacrylamlde gel capillary columns The use of lsoelectrlc focusing and elec- 
trokmetlc chromatography to mampulate separation 1s also presented Future 
dlrectlons of methodology are suggested, and It 1s predlcted that m the next 
few years HPCE ~111 become a complementary tool to hquld chromatography 
and slab gel electrophoresls 
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ADDENDUM 

Since the time of the completion of the manuscript, January 1989, HPCE 
has advanced at a rapid pace with a high Interest level The 1st Internatlonal 
Symposium on High Performance Capillary Electrophoresls (HPCE ‘89) was 
held with roughly 450 participants. Orlgmally, plans were made to schedule a 
second meetmg m February, 1991, however, because of the acceleratmg pace 
of the field, the sclentlflc committee voted to hold a meeting m 1990 HPCE 
‘90 will be held m San Francisco, January 29-31,199O 

At present six companies have introduced full systems, Apphed Blosystems, 
Beckman, Blo-Rad, Dlonex, Shlmadzu and Spectrovlslon Two companies have 
introduced HPCE-UV detectors (modified from HPLC), ISCO and Lmear 
Instruments, and one company recently introduced an HPCE-MS interface to 
their atmospheric pressure loruzatlon mass spectrometer, SCIEX Several new 
review articles have also recently appeared [ lA,2A] 

Further advances In the theory of band broadenmg m electrokmetlc mlcellar 
chromatography have been pubhshed [3A] and presented at HPCE ‘89 [4A] 

The need for efficient Joule heat removal from the capillary m terms of overall 
column temperature control has been emphasized [5A] Wrth respect to eqmp- 
ment, an on-line radlolsotope detector for HPCE has been introduced [6A], 
and detection hmlts below 1000 molecules have been achieved by laser induced 
fluorescence [7A] HPCE-MS interfacing contmues its very rapid advance 
using electrospray lomzatlon, where a bovine serum albumin dlmer (MW 
133,000) was determined on a normal quadrupole Instrument [8A] Peptlde 
determination by electrospray MS 1s clearly becoming estabhshed [8A,9A] 
and a coaxial contmuous flow fast atom bombardment HPCE system usmg 10 
Bum diameter caplllarles seems promlsmg [ lOA] 

In the peptlde-protein area, an interesting paper lllustratlng the use of HPCE 
lsoelectrlc focusmg for resolution of lsoforms of transferrm has appeared [ 11 A] 
A further valldatlon of the power of open-tube HPCE to peptlde and protein 
analysis has been shown [2A] Especially interesting 1s the lack of coherence 
between elutlon order In HPLC and HPCE of peptlde maps, emphaslzmg the 
complementarlty of the two methods The separation of degradated products 
of the recombinant materials has been further advanced [ 2A,12A-14A] as well 
as pept.lde mappmg [15A] A new relatlonshlp between free mob&y, ,u, and 
charge/size of peptldes has been developed [16A] 

ln(q+l) 
iu @z no43 (IA) 

where q =charge and n = number of ammo acids Electrophoretlc moblhty 
should turn out to be important m peptlde ldentlficatlon [17A] 

In electrokmetlc mlcellar chromatography, a broader understandmg of the 
parameters that can be manipulated for separation 1s beginning to appear [18A- 
20A] Ion palring can be very important when solutes oppositely charged to 



the mlcelles are employed [21A] The role of pH has been shown to be partlc- 
ularly complex but highly useful [22A] 

In the gel column area, plate numbers as high as 15. lo6 for lengths of 50 cm 
have been achieved for deoxyohgonucleotldes [23A] These very high resolv- 
mg powers hold major promise for DNA sequencing New approaches to col- 
lection using field programmmg have also been introduced [23A] Here, a high 
field IS employed until Just before migration of the band from the column The 
field 1s then decreased to a low value (e g 30 V/cm) for collection By this 
approach, high resolution (narrow time band widths) can be accomplished 
while slmphfylng collection with wide time band widths 

The pace of advances 1s expected to contmue over the next several years It 
IS clear that HPCE will become an important quantltatlve and mlcroprepara- 
tlve tool m the analytical and blologlcal sciences 
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