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SUMMARY 

High-performance electrophoresis is the electrophoretic equivalent of high-per- 
formance liquid chromatography. Very efhcient cooling is obtained because the ex- 
periments are performed in glass tubes of small diameter (0.05-0.3 mm) with a wall 
thickness of only 0.1-0.2 mm. Under these conditions the thermal deformation of a 
zone is small even at high field strengths, which allows high resolution and short run 
times. The solutes are recorded directly in the glass tube as they migrate electro- 
phoretically through the stationary UV detector of a free-zone electrophoresis or 
gel-scanning apparatus. Accordingly there is no delay in the detection caused by 
time-consuming derivatization (staining). 

The electrophoresis can be performed both in sieving and non-sieving gels and 
also in carrier-free solution. An analysis, which may comprise low-molecular-weight 
compounds, proteins, nucleic acids, viruses, etc., takes at present IO-60 min. This 
time can be considerably reduced by using a liquid-cooled electrophoresis tube. 
About O.Olll fig of material is suitable in the case of proteins. 

INTRODUCTION 

Electrophoresis, centrifugation and chromatography are the most effective and 
widely used methods for the separation of biopolymers. All three methods are based 
on the differential transport velocities of the solutes in the separation chamber, i.e. 
in the electrophoresis cell, the centrifuge tube or the chromatography column. In 
electrophoresis these velocities are determined by the charges of the solutes, in cen- 
trifugation by their sizes (densities) and in chromatography by their affinities for the 
bed material. The significant principal difference between electrophoresis, centrifu- 
gation, and chromatography is that the transport of the solutes is evoked differently: 
namely by an electrical field, a centrifugal field and a liquid flow, respectively. 

These qualitative considerations indicate considerable analogies among elec- 
trophoresis, centrifugation and chromatography as regards the separation mecha- 
nisms. It is therefore natural that for example a new chromatographic method will 
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be followed shdy by its counterpart in electrophoresis or centrifugation’. We shall 
now describe a method which is the eleclrophoretic counterpart of high-performance 
liquid chromatography (HPLC) and which therefore may be termed high-perform- 
ance electrophoresis (IIPE). 

CHARACTERISTIC FEATURES OF HIGH-PERFORMANCE ELECTROPHORESIS 

HPE is defined as the electrophorctic counterpart of HPLC and should there- 
fore have the same attractive characteristic features as HPLC, i.e. high resolution, 
short run times, high sensitivity, and on-line monitoring of the solute, i.e. no time- 
consuming derivatization (staining). 

High chromatographic resolution can be obtained by minimizing eddy difl‘u- 
sion and improving the rate of mass exchange so that quasi-equilibrium is achieved 
in a very short time. To accomplish this the beads forming the bed should be small, 
uniform and very regularly packed. Also in clcctrophorcsis, high resolution requires 
a homogeneous medium. Radial temperature gradients in the separation chamber 
are equally detrimental in all methods, but are a practical problem only in the case 
of electrophoresis. where significant heat evolution occurs in the separation chamber 
itself. High-resolution electrophoresis therefore requires very efficient dissipation of 
the Joule heat to minimize parabolic distortion of the zone’ (see below). 

Short run times 

In chromatography the duration of a run can be shortened by the use of short 
columns and/or high flow-rates. The same is true in the case of electrophoresis by 
the use of short columns and.or high field strengths. However, the nature of the 
separation mechanism requires a separation chamber of reasonable length to allow 
any separation at all. Rapid separations therefore requiru high field strengths. The 
large amount of heat evolved must then be rapidly transported to the coolant in 

order to minimize thermal deformation of the electrophoretic zones. This can be 
accomplished by making the electrophoresis column from a material with a high 
thermal conductivity and very thin walls. In addition. the diameter or the thickness 
of the electrophoresis chamber should be kept at a minimum. All of these require- 
ments are fulfilled if glass capillaries of an inner diameter of 0.05 0.3 mm and a wall 
thickness of 0.1 0.2 mm are used as electrophoresis tubes. 

High sensitivit.y 
In electrophoresis the sensitivity depends (as in chromatography) on the qual- 

ity of the detection system. 

In chromatography the solutes are often detected spectrophotometrically by 

* Examples of such analogous methods are: isopycnic ccntrifugation. isoelectrioc focusing and 

chromatofocusing; displacement electrophorcsis. displaccmcnt chromatography and displacement cen- 
trifugation. Unfortunately, man3 sepal ation methods are given names which do not refer to the analogous 
methods. which makes it difficult for an uninitlaled person to see the similarities between different tech- 
niques and therefore learn them rapidly and use them properly 
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means of a flow cuvcttc as they leave the column. In elcctrophorcsis the USC of such 
an external cuvettc is seldom practicable. It is more appropriate to use a segment of 
the electrophoresis tube itself as the “cuvette” for a stationary UV beam. As in 
chromatography. steps involving derivatiyation or staining and destaining are then 
superfluous. 

THE EQUIPMENT 

As mcntioncd above. WC USC glass t ubcs with a wall thickness of only 0.1-0.2 
mm to minitnize thermal deformation of the zones. Another advantage of these thin- 
walled glass tubes is that they allow transmission of UV light. It is thus unnecessary 
to use brittle and more expensive quartz tubes. The electrophoresis tube should not 
be made of plaslic owing to the low thermal conductivity of plastics compared with 
glass. Furthermore, gels such as agarose and polyacrylamide do not adhere firmly to 
these hydrophobic materials. which is a prerequisite for high resolution runs. Also 
the quality of the glass is of importance to get proper adhesion. Some glass tubes 
have very poor adhesion properties. The glass tubes are drawn over a Bunsen burner 
to the dimensions desired. All experiments reported here were done in columns with- 
out active cooling. 

Tile detection system 
In the free-zone electrophoresis apparatus the solutes are localized by scanning 

the rotating electrophoresis tube’. This technique is very attractive, since it allows 
repeated recordings during the course of a run, but is not a suitable detection method 
for HPE because the optical properties of the thin-walled electrophoresis tube vary 
considerably along the length of the tube. causing serious irregularities in the baseline. 
Therefore we let the solutes migrate electrophoretically past a stationary UV detec- 
tion system (a narrow- light beam passes the electrophoresis tube and strikes a pho- 
tomultiplier connected to a recorder). Owing lo the short light path a high-sensitivity 
detection sytem is required for analyses of the extremely small amounts of material 
applied. We are constructing such a detector system. However, while awaiting its 
completion we use the UV detector of the free-zone electrophoresis’ or that of a 
home-built equipment2 for scanning of polyacrylamide gels (without moving the 
electrophoresis tube). 

Sainple application 
The sample is applied by layering it on top of the gel. The application is fa- 

cilitated by the addition of sucrose to the sample, which is electrophoresed into the 
gel at a relatively low voltage (20 Vjcm) to avoid thermal convection. A narrow 
starting zone is obtained if the sample is given a conductivity about five times lower 
than Ihat of the buffer. In experiments with extremely narrow-bore electrophoresis 
tubes the layering step has been omitted. 

EXPERIMENTAL 

All the experiments described were performed with a very provisional equip- 
ment without liquid cooling. The duration of a run varies from 10 to 60 min. The 
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apparatus we plan to build will give an efficient cooling which will permit higher field 
strengths and consequently much faster runs. Lower buffer concentrations than those 
used in this investigation will also allow shorter run times. 

Fig. 1 refers to an electrophorcsis experiment with low-molecular-weight com- 
pounds in a glass tube of cu. 0.15 mm I.D. and tilled with a polyacrylamide gel of 
the composition T = 10%; C = 3% (these parameters are defined in ref. 3). The 
experiment was conducted in a 0.1 M Tris-acetic acid buffer, pH 8.6, at a field 
strength of 100 V/cm and a current of 0.6 mA. The distance between the gel surface 
and the detector (the migration distance) was 8 cm. The recording, made at 265 nm, 
showed a baseline separation of the sample components (aromatic carboxylic acids). 
The analysis time was 10 min, which is comparable with the duration of HPLC runs. 

High-molecular-weight substances have also been analyzed by the HPE tech- 
nique. An example is shown in Fig. 2, which illustrates a run done with normal 
human serum. The experiment was performed in a 0.4% agarose gel as supporting 
medium; 0.1 A4 Tris-acetic acid, pH X.6, was employed as buffer. At a field strength 
of 100 V/cm the current was 0.18 mA, The protein zones were recorded at 280 nm 
when they had migrated a distance of 6.5 cm. The pattern obtained is that expected 
when serum is electrophoretically analyzed in a non-sieving medium, such as an 
agarose gel. 

Analysis of proteins in a molecular-sieving polyacrylamide gel was also per- 
formed. Fig. 3 illustrates a separation of monomers, dimers, trimers, tetramers and 
pentamers of bovine serum albumin. The experimental conditions were similar to 
those in the serum run with the diffcrcncc that the field strength was 150 V/cm and 
the current 0.66 mA (the gel had the composition T = 6%; C = 3%). 

Further applications, including an analysis of a sample of tobacco mosaic vi- 
rus, are illustrated in ref. 4. 

+ 1 I I 
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Fig. 1. Iligh-performance clcctrdphoresis of aromatic carhoxylic acids. Supporting medium, polyacryl- 
amide gel: sample, a mixture of terephthalic acid (I), benzoic acid (2). 4-hydroxybenzoic acid (3); 4- 
hydroxy-3-methoxybenzoic acid (4). and /I-naphthylacetic acid (5); total amount of sample. 0.01 /lg. 
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Fig. 2. High-performance electrophoresis of human serum, Supporting medium. agarose gel: total amount 
of sample, 1 pg. 

Fig. 3. High-performance electrophoresis of bovine strum albumin. Supporting medium, polyacrylamide 
gel; total amount of sample, 0.1 pg. Peaks: I = monomer: 2 = dimcr; 3 = trimer; 4 = tetramer; 5 = 
penlamer. 

DISCUSSION 

The thin-walled narrow-bore electrophoresis tubes used in this study can also 
be employed for runs in buffer alone without any supporting medium. One should 
recall, however, that electrocndosmosis and convection then can cause zone-broad- 
ening, i.e. a decrease in resolution. Electroendosmosis can be eliminated by coating 
the electrophoresis tube with a polymer such as methylcellulose’ or by performing 
the run in a buffer containing the polymers. Convection is not so pronounced for 
low-molecular-weight compounds, as for macromolecules (such as proteins and nu- 
cleic acids) and particles (virus. bacteria, etc.). The convection in a carrier-free me- 
dium can, however, be almost completely eliminated if the horizontal electrophoresis 
tube is slowly rotated about its long axis I. This free-zone electrophoresis technique 
has also the advantage that it permits UV detection of solutes not only by the tech- 
nique described herein (i.r. by recording the solutes as they pass electrophoretically 
a stationary UV beam). but also by automatic scans of the rotating electrophoresis 
tube at desired time intervals. This tube, made of quartz, has an inner diameter of 
1 3 mm, which means that the usable field strengths are lower than with the electro- 
phoresis tubes used in this study (the wall thickness is also much larger). 

The UV detection technique described herein has been used also in displace- 
ment electrophoresis6 and is standard in HPLC. 

Polyacrylamide gels in the form of narrow columns7-9 or thin slabs’” have 
previously been used as a supporting medium in electrophoresis. When operated at 
high field strengths these gels give high resolution &cause the diffusional zone broad- 
ening is then small owing to the short run times, and the thermal zone deformation 
is kept at a minimum owing to the small gel thickness, which allows a rapid dissi- 
pation of the Joule heat. Since the glass tubes used in this study have extremely thin 
walls through which the Joule heat can be transported very efficiently it should be 
possible to use higher field strengths than in the tubes with thicker walls without 
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serious thermal zone broadening. One can therefore expect the thin-walled glass tubes 
to give a higher resolution than that previously obtained in (micro)electrophoresis, 
particularly when they are surrounded by a rapidly streaming coolant. 

In the case of polyacrylamide gel clectrophoresis in narrow-bore tubes the 
proteins have been detected by staining-? The thin-walled clectrophoresis tubes we 
have employed have the advantage of transmitting UV light, thereby permitting on- 
lint detection. n,hich must bc a characteristic feature for a method defined as the 
equivalence of HPLC. The sensitivity compares favorably with that achieved by stain- 
ing. When analyzing proteins we have used cu. 0.01~ 1 jig of material in most of our 
experiments in volumes of 0.01 0.1 /11. 

Jorgensen and DeArman Lukacs ” have recentlv published a method based on i 
electroendosmosis -or a combination of electroendosmosis and electrophoresis- 
for the separation of low-molecular-weighl substances in a carrier-free medium in 
l-m long glass capillaries. The substances. prelabelled with fluorescamine, were de- 
tected by on-column measurcmcnt of the fluorcsccnce. 

NOTE ADL)FD IY PROOF 

I would also like to refer to an interesting article by Lederer” (“High-per- 
formance” paper electrophoresis) in which some inorganic ions were separated within 
5 min. 

The cxpcriments presented, herein indicate that the run times in HPE experi- 
ments are about the same as in HPLC; the resolution might be higher in the former 
technique. at least for macromolecules when a run is performed in a gel such as 
polyacrylamide, owing in part to the fact that a chromatographic bed cannot be 
sufficiently well packed so as to compete in uniformity with a homogeneous, coherent 
clectrophoresis gel and therefore gives a larger eddy diffusion. The high-resolving 
molecular-sieve electrophorcsis cxpcriment in Fig. 3 showing a separation of mono- 
mers, dimers, trimers, tetramers and pentamcrs of albumin, is an example; if this 
experiment is performed as a molecular-sieve chromatography in the HPLC mode 
on cross-linked agarose13 or a TSK SW gel’“. the tetramers and pcnlamers cannot 
be resolved. 
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