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[57] ABSTRACT 
A method for reducing the time required to obtain 
separation with a great resolution of components in a 
sample solution by isoelectric focusing consists of ap 
plying an electrical ?eld between a pair of electrodes 
positioned at the top and bottom of density gradient 
columns in successive steps, a succeeding step being 
performed with a density gradient column having a 
smaller cross-section perpendicular to the electrical 
?eld than that of the column used in the preceding 
step. 

16 Claims, 5 Drawing Figures 
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APPARATUS FOR ISOELECTRIC FOCUSING 

The present invention relates to a method in separa 
tion of components of a sample solution by isoelectric 
focusing in a focusing chamber which is subject to a di 
rect current electrical field, and to an apparatus for ac 
complishing the method. 

isoelectric focusing is an electrophoretic method of 
separation, based on differences in isoelectric points of 
the sample components to be separated, and which is 
performed in an electrical current path having a vary 
ing pH. Isoelectric focusing is generally characterized 
in that after equilibrium has been achieved, the sepa 
rated substances are located in that point in the pH 
gradient which corresponds to the isoelectric point of 
each substance, respectively, and that each substance 
there has zero mobility. A survey of isoelectric focusing 
as separation method has been given by Haglund in 
Methods of Biochemical Analysis, 19, page 1-104, 
John Wiley & Sons (1971). 
The pH-gradient, requisite in isoelectric focusing, 

can be obtained in two principally different ways. Thus, 
the pH-gradient could be arti?cial or natural. The arti 
?cial pH-‘gradient is achieved by a mechanically ob 
tained mixture in gradually changed proportion of solu 
tions of varying pH. The natural pH-gradient is ob 
tained by the influence of the electrical ?eld on a num 
ber of ampholytical substances having different isoelec 
tric points. Thus, the natural pH-gradient has the ad 
vantage after having been formed by in?uence of the 
electrical field to be stabilized thereby. The theory of 
natural pH-gradients was discussed by Svensson in 
Acta Chem. Scand. 15, page 325-341 (1961), and in 
Acta Chem. Scand. 16, page 456-466 (1962). 

In order to achieve practically a natural pH-gradient, 
suitable so called carrier ampholytes are required, the 
isoelectric points of which are narrowly and evenly dis 
tributed over the desired pH-interval and which possess 
in their respective isoelectric points buffering as well as 
electrically conducting properties. The lack of good 
carrier ampholyte was the limitation of this method 
until such substances were made available by an inven 
tion, made by Vesterberg, disclosed in the U.S. Pat. No. 
3,485,736 (corresponding to Swedish Pat. No. 
314,227). The disclosed mixture of carrier ampholytes 
are marketed by LKB-Produkter AB, Bromma, under 
the Trade Mark Ampholine. 
The present invention can be performed by utiliza 

tion of an arti?cial or a natural pH-gradient. It is pre 
ferred by the performance of the present invention to 
use a natural pH-gradient. 
Separation of substances by isoelectric focusing in a 

natural pH-gradient is generally described by Svensson 
in Protides of the Biological Fluids, 15, page 515-522, 
Elsevier Publishing Company, Amsterdam (1968). 
As appears from the mentioned literature some kind 

of convection stabilizing measures are required at isoe 
lectric focusing. When performing the present inven 
tion the isoelectric focusing is carried out in a density 
gradient. This method implies that the relatively small 
density differences depending on temperature differ 
ences as well as those depending on the concentrations 
of the zone components are “drowned” in considerable 
greater, arti?cial density differences. Generally, the 
density gradient should be parallel or anti-parallel to 
the applied electrical field. Usually, the density of the 
solution is continuously increasing downwards. This is 
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2 
achieved by using a heavier and a lighter solution, the 
proportion of the heavier solution increasing down 
wards in the column in which the isoelectric prepara 
tion is performed, while the proportion of the lighter 
solution decreases. Both solutions contain electrolytes, 
the heavier one in addition sugar to an amount of 500 
grams/liter. The total density difference will amount to 
about 0.2 grams/cm“. 
Substances which are suitable for separation by isoe 

lectric focusing are ampholytes. An important group of 
such substances are proteins. 
A criteria of a good separation is the resolving power 

of the separation method. In isoelectric focusing the 
term resolving power is directed towards the smallest 
difference in isoelectric points of two components of 
the sample solution, which will result in two perceiv 
able zones after focusing. ln Acta Chem. Scand., 20, 
page 820-834 (1966), Vesterberg and Svensson have 
theoretically deduced and experimentally con?rmed 
the following relationship concerning the resolving 
power of the isoelectric focusing method: 

where ApI is the smallest difference in isoelectric 
points, D is the diffusion coefficient of the sample sub 
stance, E the electrical ?eld strength, prevailing in the 
zones, dpH/dx the pH-gradient present in the zones, 
and du/dpH the slope of the mobility curve (as a func 
tion of pH) at the isoelectric point. It should be ob 
served that the pH change per length unit, not per vol 
ume unit, should be put into this relationship. 

In order to achieve the best possible resolution, i.e. 
the smallest possible ApI, dpH/dx should consequently 
be given as low a value as possible. In other words the 
available natural pH-gradient should be distributed 
over as long a distance as practically possible. D and 
du/dpH are constant for a given substance, while an in 
crease in E theoretically should result in an increased 
resolution. An increase in E, however, will entail an in 
creased heat evolvation in the sample solution which 
would imply increased risk of heat convection. Thus, E 
is limited by the ability of the prevailing density gradi 
ent to “cover” the convection caused by heat evolva 
tion. 

It‘, at performing an isoelectric focusing, the pH-slope 
is made very ?at, this will entail that also the density 
change is distributed over a longer distance, which will 
‘decrease its convection stabilizing capacity. Conse 
quently, the electrical field strength has to be kept suf 
?ciently low in order that the generation of heat con 
vection is avoided. This will result in low ion migration 
velocities, which will bring about long separation time. 
The pH-gradient extended over a long distance more 
over will entail long migration paths for the majority of 
the samples components, which will contribute- to a 
prolonged focusing time. Consequently, the best possi 
ble resolution is achieved at the cost of slow focusing. 
An apparatus for separation of substances by isoelec 

tric focusing is shown in the above mentioned article of 
Svensson in Protides of the Biological Fluids, 15, page 
515-522. This apparatus, which is marketed by LKB 
Produkter AB, Bromma, is a development of an appa 
ratus, which was described by Vesterberg, Wadstrom, 
Svensson and Malmgren in Biochim, Biophys. Acta, 
133, page 435-445 (1967). The apparatus is designed 
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for isoelectric focusing in natural pH-gradient and in a 
density gradient. It is characterized by a relatively tall 
and narrow column with chilled vertical walls. Experi 
ments in order to determine the resolving power of this 
apparatus were described by Vesterberg and Svensson 
in Acta Chem. Scand., 20, page 820——834(l966). Ac 
cording to this publication it is possible to obtain a re 
solving power of ApI = 0.02, i.e. the apparatus de 
scribed permits a very high resolution.-On the other 
side isoelectric focusing in this apparatus suffers from 
the above mentioned disadvantage that only a rela 
tively low ?eld strength can be applied, resulting in 
long separation periods. In the experiments, mentioned 
above, the isoelectric focusing was continued for 48 
hours, but a focusing period of 24-28 hours is stated as 
being normal. Moreover, the focusing period in some 
instances could be still longer, up to 3 days. Thus, the 
described apparatus requires very long focusing peri 
ods but will in return give a very good resolution. 
By reducing the migration distances of the sample 

components the focusing period could be shortened. 
Furthermore, the density gradient is made stronger, 
whereby a higher field strength and considerably 
greater electrical current can be applied, which will re 
sult in greater migration velocities. Such a technique in 
isoelectric focusing has been described by Kolin in 
Methods of Biochemical Analysis, 6, page 259-288 
(1958). It is stated that, by means of this technique, the 
separation period can be reduced to a few minutes. 
However, the obtainable resolution has not been speci 
fied, lesser been documented, and has to be assumed to 
be far inferior to that which can be achieved by means 
of the apparatus, described above. Kolin mentions (loc. 
cit. page 264, second paragraph) that a ?atter pH 
gradient should give an increased resolution. The con 
siderably longer distance, over which the pH-gradient 
can be extended in the above mentioned apparatus, will 
however intail a superior resolution, while the focusing 
also embraces a wider pH-interval. 
The isolation of fractions after completed focusing 

constitutes a special problem. Sample zones which are 
not too narrow, in a column with a relatively small 
cross-section, can easily be isolated for micro 
preparative purposes by sucking out through a capillary 
tube, as the horizontal inflow to this tube could be re 
stricted to some centimeter or less. The fractions are 

also often run off through the bottom of the column, 
which one then is designed in that way that the cross 
section of the column gradually is reduced to the diam 
eter of the outlet tube. The last mentioned method is 
applied in the by LKB-Produkter AB marketed appara 
tus, described above. The density gradient then is ex 
erting a stabilizing action against convection and in fa 
vour of laminar flow, bringing the fractions to flow out 
in correct order and with a minimum of remixing. In 
the apparatus, described by Kolin, the isolation of frac 
tions is said to take place by sucking out through a cap 
illary tube, but considerable practical difficulties would 
be at hand with the very thin sample zones which are 
obtained at focusing in said apparatus. Focusing ac 
cording to Kolin’s method would accordingly ?nd an 
application only for analytical purposes as far as the 
separated zones in some way can be photographed and 
then quantitatively be evaluated. 

If it is desired, starting from the apparatus described 
by Kolin, to increase for preparative purposes the ca 
pacity of the method by increasing the cross-section of 
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4 
the column with retained strong density gradient and 
steep pH-course, sucking out through a capillary tube 
will be practically impossible to perform, as the hori 
zontal in?ow then will be so long that the mixing with 
over and under lying liquid layers will be inevitable. 
Kolin has suggested, as described in loc.cit. page 
277-278, that the separated zones are pressed apart by 
a plunger which diminishes the cross-section of the col 
umn, whereby the risks of remixing by sucking out 
through the capillary tube undoubtedly are reduced. 
The inserting of the plunger will not, however, increase 
the resolution as de?ned in the expression for ApI 
above, then the unsharpness of the zones will be magni 
fied to the same extent as their mutual distances. A re 

duced diffusive remixing after disconnecting of the fo 
cusing current is however gained, since the diffusive 
mass transport is proportional to the cross-section and 
the concentration gradient, which are both reduced by 
introduction of the plunger. Remixing by diffusion is 
particularly rapid for narrow zones as the widening of 
zones is proportional to the square root of the time 
measured from an in?nitely narrow zone. 

If, for preparative purposes, the cross-section is in 
creased in a very short column, in which a great field 
strength is applied, the generated heat must be di 
verted, in order that the density differences, generated 
by the heat, should not exceed the arti?cial density gra 
dient. Philpot showed in Trans. Faraday Soc. 36, page 
38-46 (1940), that radial cooling will give rise to radial 
density gradients, which will constitute a limiting factor 
at the electrophoretical separation. According to Phil 
pot the heat, generated, should be axially diverted, 
whereby the arti?cial density gradient on the other 
hand can be strengthened. 

Further, the apparatus, described by Philpot, hasa 
the same limitations as to the isolation of fractions as 

the above mentioned apparatus, described by Kolin. 
Kolin’s statement, that cooling of the focusing col 

umns should not be necessary, would relate to the very 
small amounts of sample which were separated in the 
apparatus, described by Kolin, and the consequently 
small total heat generation in the column. 

it is a purpose of the present invention to provide a 
method for the separation by isoelectric focusing of 
components in a sample solution, at which the focusing 
is accomplished in a short period of time and with a 
high resolution. 

It is another purpose of the present invention to pro 
vide a method for separation by isoelectric focusing of 
components in a sample solution, at which the focusing 
is accomplished in a short period of time and with a 
great resolution over a wide pH-interval. 

It is another purpose of the present invention to pro 
vide an apparatus, by means of which components in a 
sample solution can be separated by isoelectric focus 
ing in a short period of time and with a great resolution, 

It is another object of the present invention to pro 
vide a method for isoelectric separation of proteins for 
analytical purposes, at which the separation is accom 
plished rapidly and with a great resolution. 

It is another object of the present invention to pro 
vide a method for isoelectric separation of proteins for 
preparative purposes, at which the separation is accom 
plished fast and with a great resolution. 

It is another object of the present invention to pro 
vide a method for isoelectric focusing, in which the fo 
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cusing is performed in several steps with a step-by-step 
increasing resolution in the separation. 

It is another object of the present invention to pro 
vide an apparatus for isoelectric focusing, in which the 
focusing is performed in several steps with a step-by 
step increasing resolution in the separation. 
The characteristics of the invention are obvious from 

the claims, following the specification. 
The purpose of the invention is accomplished by per 

forming a focusing step with a mean cross-section of 
the focusing chamber, perpendicular to the electrical 
direct current ?eld which is smaller than the corre 
sponding mean cross-section in the nearest preceding 
focusing step. 
More closely one focusing step is performed with a 

greater relation between column height, i.e. that dis 
tance in the column over which the electrical field is 
acting, and cube root of the column volume that in the 
nearest preceding focusing step. 
The simplest form of a column device having varying 

mean cross-section perpendicular to the electrical ?eld 
consists of one parallelepipedical column with the lin 
ear measures a, b and c, a > b > c, in which the isoelec 
tric separation according to the invention can be ac 
complished in three steps, the first one with c, the sec 
ond one with b and the third one with a as vertical di 
mension. The intermediate step can be omitted. Such 
a column requires different electrodes for different spa 
tial orientations. Therefore, the electrodes have to be 
detachable. . 

The invention can also be performed by using a col 
umn with vertical walls made by an elastic material, 
like rubber, which permits a continuous varying of the 
mean cross-section perpendicular to the electrical field 
with retained column volume. 
The invention can ?nally be performed by using at 

least two columns having different mean cross-section 
perpendicular to the electrical ?eld, situated in se 
quence, one above another, and‘ provided with con 
necting tubes between the top of a lower situated col 
umn and the bottom of the next higher situated one. 
The connecting tubes should be mainly vertical in 
order to allow, after completed prefocusing in one col 
umn, a transport free of convection of the column con 
tent to the next column for ?ne focusing. 

In a column having a large cross-section, a plane bot 
tom and a plane top, the out?ow through an outlet 
tube, situated centrally in the bottom or in the top, will 
not be sufficient as it will imply a horizontal ?uid trans 
port along a path as long as the radius of the cylindrical 
column. A lag in the out?ow from the peripheral parts 
of such a column can not be avoided, which will result 
in a certain remixing of separated components. This 
can be counteracted by means of a very slow out?ow, 
but then the diffusion will be of increased importance, 
and the essential purpose of the invention to speed up 
the separation with retained great resolution cannot be 
completely realized. 
The out?ow can be improved by making top and bot 

tom conical, with the outlet tube situated in the apex 
of the cone. This is, however, no good settlement, as it 
will entail a higher ?eld strength and current density in 
the peripheral parts of the column than in its central 
parts. This will lead to a horizontal temperature gradi 
ent followed by a horizontal density gradient contribu 
tion which will easily result in thermical convection. 

6 
Consequently, only a very slight conicity could be al 
lowed in the top and in the bottom of the column. 
A considerably better way is to completely dispense 

with an axial out?ow of short and wide columns. In 
contrast, an outlet tube is applied at approximately half 
the height ofa vertical column wall and on the opposite 
wall a similar tube for in?ow of ?uid or air to substitute 

' the out?owing column content. After complete prefo 
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cusing the whole column is turned 90° in order that the 
two tubes will get positions at the very top and at the 
very bottom of the column tilted on its edge. The den 
sity gradient in the column will then, apart from some 
lag at the walls, retain its vertical direction whereby the 
vertical section of the column will get a geometry 
which is much more favourable for the ?uid transport 
out of the column. If the column is cylindrical the two 
tubes are situated on diametrically opposite points on 
half the heigth of the cylindrical envelope surface. If 
the column is parallelepipedical the two tubes are situ 
ated in two opposite corners of a rectangle making a 
horizontal section of the column in focusing position. 
The tilting of the column 90° before emptying should 

be carried out by means of suitable mechanical means, 
preferably by motor operation, and the tilting should 
not be carried out faster than during a few minutes. 
Manual turning could hardly be accomplished suf? 
ciently slowly and carefully. 
The ?uid transport from a prefocusing column to a 

fine focusing column of the same volume as the prefo 
cusing column could be carried out upwards as well as 
downwards. At transportation upwards a mainly verti 
cal connection tube between the uppermost point of 
the prefocusing column and the bottom of the fine fo 
cusing column is utilized. The upward transport is ac 
complished by pumping into the bottom of the prefo 
cusing column a ?uid with at least as great a density as 
the greatest density in the sample solution. The column 
content is thereby lifted with a minimum of disturbance 
into the originally empty fine focusing column. Alter 
natively, it is possible without use of a ?uid pump to 
allow the lower connection tube of the prefocusing col 
umn to dip into a supply of a ?uid with at least as great 
a density as the greatest density in the sample solution, 
whereupon a suitable vacuum is applied to the fine fo 
cusing column. The column content will then be 
sucked up from the prefocusing column into the fine 
focusing column. The transportation velocity is ad 
justed to a low value, either by adjusting the vacuum in 
the upper column or by throttling of one of the connec 
tion tubes. 
At transportation downwards the fine focusing col 

umn is first ?lled with a ?uid with at least as great a 
density as the greatest density in the sample solution. 
Then a mainly vertical tube connection, free of air, is 
established between the upper end of the ?ne focusing 
column and the bottom of the prefocusing column. By 
opening of a bottom valve of the ?ne focusing column 
the ?uid content of the prefocusing column is caused 
to flow down spontaneously into the ?ne focusing col 

. umn with a minimum of disturbance. 

65 

The auxiliary ?uid having an at least as great density 
as the greatest density in the sample solution does not 
need to be a water solution. Liquids, insoluble in water, 
such as trichloroethylene or carbontetrachloride are 
very suitable for the purpose. 

It is not recommendable to allow the ?uid content of 
the prefocusing column to ?ow down along the walls of 
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an empty fine focusing column, as this method gives 
rise to unnecessarily extensive remixing of separated 
components. 

In certain focusing experiments it occurs that only a 
limited pI-I-interval is of interest for ?ne focusing. Then 
it could be advantageous to transfer only this fraction 
ofinterest into a fine focusing column having a volume, 
adapted to the volume of the fraction. 
The electrode system could be designed in many dif 

‘ferent ways. To place the electrodes in separate elec 
trode vessels of considerable volume compared to the 
column volume was introduced into the classical elec 
trophoresis research by Michaelis in Biochem. Z., 16, 
page 81 (1909) and meant at that time an important 
progress as possible disturbing influence of electrode 
reaction products in the column thereby was pre 
vented. Such disturbing in?uence could be brought 
about by ion migration, by diffusion or by convection 
from the electrodes to the column. The principle of 
electrodes in separate electrode vessels could advanta 
geously be utilized also in the present invention. In that 
case the electrode vessels should be in electrolytically 
conducting connection to the column device, one to its 
top and the other to its bottom. In order to prevent un 
desired ion migration throughout the column the ano 
lyte must consist of an acid or of a mixture of acids, 
while the catholyte must consist of a base or of a mix 

ture of bases. 
In a preferred embodyment of the present invention 

the column content is delimited from anolyte and cath 
olyte by convection breaking membranes, permeable 
to electrical current. Such membranes could consist of 

glass filter discs, other porous discs, cellophane, rela 
tively thick paper membranes, animal membranes, nat 
ural or synthetic gel discs, etc. These membranes 
should be strictly horizontal and should completely 
cover the cross-section of the column without leakage. 
The use of such membranes implies the advantage 

that the chilling effect of the cooling system could be 
exerted on anolyte and catholyte either by bringing, by 
means of a circulation pump, the anolyte and the cath 
olyte to circulate between the column device and a 
tube coil, immersed into a cooling reservoir, or by cor 
respondingly bringing the cooling medium to circulate 
through tubes installed in the anolyte and catholyte 
chambers outside the membranes. Such a cooling sys 
tem generates in the column a vertically directed tem~ 
perature gradient which entail diversion of current heat 
in axial direction. This cooling principle, which was 
recommended by i’hilpot in. Trans. Faraday Soc. 36, 
page 38-46 ( 1940) is of course of greatest importance 
in very shprt and wide columns, and particularly at 
their bottom, where the density gradient will receive a 
strengthening deriving from the temperature gradient 
which is directed upwards. At the top of the column a 
corresponding weakening of the density gradient is 
caused. These side effects can be compensated when 
preparing the arti?cial density gradient by strengthen 
ing the density gradient in the upper part of the column 
at the cost of a certain weakening in the lower part of 
the column. 

If relatively high concentrations of strong acid and 
strong base are choosen, the anolyte and the catholyte 
will obtain conductivities which are some lO-powers 
greater than the conductivities generally prevailing in 
the column. The connection tubes between electrode 
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8 
vessels and column could therefore be rather slender 
and do not require particular cooling. 
There are great freedom in the choice of electrode 

type when using an apparatus having separate elec 
trode vessels. Gasing as well as non-gasing electrodes 

could be utilized, as can electrodes of noble metals, 

carbon, silver, mercury etc. 
In the apparatus, showed by Svensson in Arch. Bio 

chem. Biophys. Suppl. 1, page 132—l38 (1962), noble 
metal electrodes were used in direct contact with the 
top and the bottom of the column. This is possible 
owing to the principle of the natural pI-I-gradient. As 
this electrode type generates the gases hydrogen and 
oxygen, Svensson suggests for the bottom electrode a 
gas outlet tube centrally situated in the cylindrical col 
umn. This is simply accomplished in columns with a 
great quotient between height and cube root of volume, 
i.e. columns with relatively moderate cross-sections. 
Attempts to apply the same principle to wide columns 
will result in a very uneven current density. An elec 
trode situated in the bottom ofa wide column therefore 
mainly has to ?ll the bottom surface of the column, and 
then the electrode must not be gasing, as rising gas bub 
bles should bring about convective disturbance in the 
column. 

In order that an electrode should be non-gasing it is 
required that at the anode there is a reducing agent suf 
ficiently strong to prevent evolvation of oxygen and at 
the cathode an oxidation agent sufficiently strong to 
prevent evolvation of hydrogen gas. One exception 
from this rule is constituted by palladium which in pure 
form or as a silver alloy is able to absorb large quanti 
ties of hydrogen. On the other hand a palladium elec 
trode, saturated with hydrogen, could be utilized as a 
non-gasing anode as hydrogen in that case is present in 
the metal as a reducing agent. This property of palla 
dium is well known since long, but it was not made use 
of in electrophoretical apparatus until 1960 by Neihof 
and Schuldiner (Nature 185, page 526 (1960)). In an 
important embodyment of the present invention the hy 
drogen absorbing ability of palladium is also utilized. 
The reducing agent, which has to be present at a non 

gasing anode, could either be the metal itself or the an 
olyte acid or some non-electrolyte which also is part of 
the anolyte. An example of the metal itself being reduc 
ing agent is a silver electrode in an anolyte of hydrogen 
halide acid, yet not hydro?uoric acid. The silver halide, 
formed at the anode oxidation, is almost completely 
unsoluble and will consequently not give rise to any mi 
gration of silver ions into the column. Another example 
is a lead anode in an anolyte environment of sulphuric 
acid. A third example is mercury in hydrogen halide 
acid environment, but mercury could only be used as 
a bottom electrode. 

An example of the anolyte acid as reducing agent is 
hydrogen bromide acid or hydrogen iodide acid in 
contact with a noble metal or carbon anode. (Philpot, 
loc.cit., used ammonium bromide in contact with a car 
bon anode.) The oxidation at the anode generates free 
liquid bromide, which however may diffuse into the 
column and cause damage on proteins there. A more 
harmless, reducing acid is ascorbic acid. 
The oxidating agent, requisite at a non-gasing cath 

ode, can also be present on the cathode itself or in the 
catholyte. Silver, covered by an adhering layer of silver 
halide, is a known example, but such a cathode, when 
working, will evolve halide ions which will migrate into 
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the column. A bottom electrode of mercury, covered 
by a layer of calomel works in a corresponding way. 
Oxidating, soluble bases are not known. Consequently, 
if the oxidation agent should be present in the catholyte 
it has to be a non-electrolyte. Only palladium is able to 
function as non-gasing cathode without generating for 
eign anions which will migrate into the column. 
By way of example the following drawings show a 

number of possible embodyments of the invention. The 
invention should not be restricted thereto. 

In the drawings, 
FIGS. 1 and 1a are, respectively, longitudinal and 

transverse cross-sectional elevations of a preferred 
form of one form of separation chamber; 
FIG. 2 is a vertical cross-section of a modified form 

of prefocusing column combined with a ?nal focusing 
column; 
FIG. 3 is a cross-section of a column similar to FIG. 

2 but having a modi?ed cooling system; and 
FIG. 4 is similar to FIGS. 2 and 3, but modified to 

place the final column below the prefocusing column. 
FIG. 1 shows a parallelepipedical combination col 

umn 14 comprising a focusing chamber 15 having in 
ternal measures a, b, and 0 length units, a>b>c. Out 
side the two largest surfaces, ab units or surface, there 
are two cooling jackets 1,2, each provided with two 
pipe sockets 3,4. Each of the two smallest walls, inter 
nally bc units of surface, is provided with a threaded 
opening 5,6 in which alternatively a threaded stopper, 
a threaded tube or a threaded electrode attachment 
could be inserted. , 

In this combination column the attachment of de 
tachable electrodes constitutes the most difficult prob 
lem. Therefore, the construction shown in the figure is 
restricted to the realization of current transport along 
the dimensions 12 and a, which then should be vertical 
dimensions as the current direction has to be parallel 
or antiparallel to the density gradient. In the first case 
the column stands on a face having the internal mea 
sures ac units of surface, and in that position the prefo 
cusing is accomplished. In the latter case the column is 
situated on a face having the internal measures be units 
of surface, and in this position the final focusing is ac 
complished. The column could also be layed on a face 
having the internal measures ab units of surface, i.e. 
with c as vertical dimension. This position is suitably 
utilized at preparation of the density gradient as de 
scribed by the Inventors in Separation Science 3, page 
535 (1968). According to this method a small number 
of solutions having rising density‘ are layered one under 
the other in a column, whereupon the column is turned 
down to a horizontal position in order to enlarge the 
diffusion area as well as the concentration gradient. 
The mass transport due to free diffusion thereby is in 
creased to such an extent that only a short while is re 

quired for development of a continuous density varia 
tion in the column. 
The problem of the bottom electrode could be solved 

very easily by using mercury, which always is spreading 
over the bottom independent of the spatial orientation 
of the column. Mercury 7 as an anode is non-gasing if 
it is present in an environment of hydrogen halide acid 
or sulphuric acid, as difficultly soluble mercury I salts 
are formed. Mercury as cathode is non-gasing in an en 
vironment of alkali hydroxides due to the formation of 
alkali metal amalgam. The external connection of a 
mercury electrode is also most simple. A platinum wire 
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8 will suffice, going through the column wall and arriv 
ing at an arbitrary corner of the column. In the figure 
the lead-through is intended to be bent at an angle and 
leading through a column face of internal measures ab 
units of surface to make possible that the column is 
placed upon a column face of internal measures ac 

units of surface. 
Every non-gasing electrode must have a large area in 

order to keep the current density as low as possible. 
When the column is in prefocusing position (b vertical) 
a non-gasing top electrode consequently must have an 
area of the size of ac units of surface. The most suitable 
material is palladium-silver-alloy as cathode and the 
same alloy, saturated with hydrogen, as anode. Any 
?uid space between such an electrode and the column 
wall is non-desirable. Then it remains nothing but to 
coat this column wall with palladium-silver-alloy, and 
then the whole wall has to be detachable. A construc 
tively simple way to make this is shown in the figure. 
The column wall 9 itself, made of plastic, having a T 
shaped cross-section, is fastened by means of a number 
of screws 10 and is tightened by means of a O-ring 11. 
A thin sheet of palladium-silver-alloy with the dimen 
sions c X (a+d) units of surface, where d is slightly 
greater than the thickness of one of the end walls with 
internal measure b units of surface, constitutes the elec 
trode 12. The end wall has a cut out slit 13 having the 
electrode 12 protruding out of it to make possible to be 
connected to the voltage source. After completed pre 
focusing, the current is disconnected and all the screws 
10 are loosened. The electrode 12 then can be pulled 
out whereupon all the screws 10 are once again tight 
ened. The column then is carefully turned upright in 
order that a will become vertical dimension. Through 
the treaded opening 6 a platinum wire is introduced, 
fastened in a threaded electrode attachment provided 
with a gas outlet hole, whereupon voltage could be ap 
plied for ?nal focusing. After completed final focusing 
the top electrode is replaced by an attachment having 
a tight threaded stopper, and the stopper which till then 
has been situated in the treaded hole 5 is replaced by 
a threaded outlet tube having a regulating valve. The 
stopper in the hole 6 now can be removed. The column 
is slightly tilted in order that the mouth of the hole 5 
will be the lowest point of the column. After that the 
column can be emptied from its content, which is at 
that divided into fractions for pH-measurement and 
chemical and/or biological analysis. 
The column can alternatively be made of quartz, 

whereby UV-absorption analysis can be accomplished 
directly in the column during the performing of focus 
ing, which is of great advantage. The fastening of the 
column wall 9 by screws then must be substituted by a 
device for clamp fastening, but besides, the same con 
struction can be retained. Two different sensitivity de 
grees in the optical analysis can be achieved by allow 
ing the light to pass the path b or the path 0 in the col 
umn. The shift between these degrees of sensitivity is 
simply accomplished by turning the column 90°. 
To utilize mercury as anode can be associated with 

certain risks if it is considered that mercury ions could 
go into solution and migrate through the column and 
transform the proteins in the column by complex for 
mation. It is true that the mercury I halides are as spar 
ingly soluble that they would hardly give rise to delete 
rious concentrations of mercury I ions, but at the 
anodical oxidation of mercury also small amounts of 
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mercury II salts, which are soluble are formed. How 
ever, these are so weakly dissociated that their cathodi 
cal migration will be very slow. Anyhow, there are 
doubtless cases in which mercury anode is completely 
inconceivable. The combination column then must be 
used with the cathode in the bottom and a suf?cient re 

serve of alkali metal ions, or mercury as an electrode 

has to be completely abandoned. In the latter case the 
column construction has to be modified. 

Principally this can be made by a symmetrical design 
in which the two column walls having an internal area 
of ac units of surfaces are made detachable as de 

scribed in FIG. 1 for one of the walls. The palladium 
silver-anode then should be saturated with hydrogen 
and the palladium-silver-cathode be free of hydrogen, 
and both the electrodes should be removed after prefo 
cusing. A remaining problem then is how to realize a 
non-gasing bottom electrode with an area of be units of 
surface during the ?nal focusing. Presumably, the best 
way to achieve this is to prepare an extra column wall 
having the internal measure ac units of surface and in 
one end of this constructional element attach a 

pal]adium-silver-electrode, which is slightly smaller 
than be units of surface. When the prefocusing is com 
pleted, the bottom electrode is pulled out with a tem 
perary loosening of the screws 10, and then the top wall 
with its electrode is completely removed and substi 
tuted by the extra wall which in its one end makes the 
attachment for the bottom electrode in final focusing 
position. 
FIG. 2 shows a column device comprising a prefocus 

ing column 21 and a ?nal focusing column 25in the po 
sition of the device during the transport of prefocused 
material from one column to the other and during the 
final focusing. During the prefocusing the device is 
turned 90° around an axis perpendicular to the plane of 
the paper so that the ?nal focusing column 25 then will 
have a horizontal axis. The ?nal focusing column 25 in 
this example is represented by the above mentioned ap 
paratus, marketed by LKB-Produkter AB. As described 
above, this apparatus comprises in addition to the col 
umn noble metal electrodes, a central gas out?ow tube 
as well as a cooling jacket. 

As these constructional details are known as such 

and are not part of the invention, only the outer con 
tours of this column have been drawn in the figure. The 
volumes of the two columns are equal. 
The central part of prefocusing column is the focus 

ing chamber 21 itself, limited at the top and at the bot 
tom by two electrolytically conducting but convection 
breaking membranes 24, e.g. glass ?lter discs. Laterally 
the focusing chamber is restricted by vertical walls, e.g. 
by a short elliptical or circular cylinder. In two diamet 
rically opposite points there are threaded holes 30, 31 
in which alternatively threaded stoppers or tubes can 
be inserted. During prefocusing there is in the hole 30 
a stopper, in the hole 31 a tube which via a cock 32 
forms the connection to the ?nal focusing column. 
Outside the membrane 24 there is an anolyte cham 

ber 22 or 23 and a catholyte chamber 23 or 22 which 
via tubes and circulation pumps 29 is connected each 
to one electrode vessel 26,28 containing each an elec 
trode 27. Each tube-pipe comprises a coil, immersed 
into a cooling reservoir, which details, however, are not 
shown in the ?gure. A suitable clamping device, which 
is neither shown, is holding in a leakage free manner 
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12 
anolyte chamber, focusing chamber, and catholyte 
chamber together. 
By operation of this column device first the mem 

branes 24 are thoroughly moistened in order to be im' 
permeable to air. Then into the hole 30 a tube is in 
serted which is connected to a density gradient mixing 
device, and the cock 32 is opened. With the whole de 
vice in ?nal focusing position a vacuum is applied to 
the final focusing column in order that the prefocusing 
chamber 21 is ?lled with a solution of desired density 
variation. The cock 32 is closed, and the tube in the 
hole 30 is substituted by a stopper. Whole the device 
is turned 90° around an axis perpendicular to the plane 
of the paper, the electrode vessels are filled with ano 
lyte and catholyte, respectively, and the circulation 
pumps 29 are started. Voltage is applied to the elec~ 
trodes for prefocusing. 

After completed prefocusing the current is discon 
nected, and the device is carefully turned 90° around 
an axis perpendicular to the plane of the paper. Ano 
lyte and catholyte then are allowed to flow out through 
the gas outlet holes of the electrode attachments. It is 
also possible to completely remove the electrodes with 
their attachments. After the device has been raised the 
stopper in the hole 30 is substituted by a tube, ?lled 
with and dipping into a fluid having greater a density 
than the solution in the bottom of the column. This 
tube should also be provided with a cock or, if rubber 
or plastic tubes are used, a ligature clamp. With the lat 
ter one closed, the cock 32 is opened. By applying a 
suitable vacuum to the ?nal focusing column 25 and by 
governing the cock or ligature clamp of the tube in 
serted in 30, the column content in the chamber 21 is 
replaced by the said heavier ?uid, and the prefocused 
material then will ascend into the ?nal focusing col 
umn, the cooling jacket of which during this operation 
being through?own by cooling medium. When the ?uid 
transport is completed, voltage is applied to the ?nal 
focusing column after the cock 32 has been closed. The 
prefocusing column is removed, and after the ?nal fo 
cusing the column content can be fractioned by careful 
out?ow through the cock 32. 
FIG. 3 shows a column device distinguished from that 

one shown in FIG. 2 only concerning the cooling sys 
tem. In this device the anolyte and catholyte chambers 
are made larger in order that there is room for cooling 
coils 33,34 through which cooling medium from a cool 
ing reservoir is made to circulate. This device has the 
advantage compared to that one shown in FIG. 2 that 
the circulation pumps are not under a voltage. The 
electrodes 35 can be attached in rather slender tubes 
36,37 which are centrally leading out into the anolyte 
and catholyte chambers. 
The utilization of column devices according to FIG. 

2 and FIG. 3 have in common that the anolyte should 
consist of a solution of a strong acid and the catholyte 
of a solution of a strong base. Their concentrations 
should be between 0.1 and l equivalents per liter. Their 
conductivities then will be several l0-powers greater 
than that one prevailing in the central parts of the col 
umn at focusing. This is why it is possible in FIG. 2 and 
3 to have as narrow tubes for supplying of current to 

the anolyte and catholyte chambers. There is no risk of 
uneven current density caused by the local falling out 
of the tubes into the anolyte and catholyte chambers. 
FIG. 4 shows how a column device could be arranged 

in which the electrodes are in direct contact with the 
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prefocusing column and in which the ?uid transport be 
tween the two columns is carried out from the top 
downwards. The ?gure is showing the device being in 
its position during fluid transport from one column to 
the other and during ?nal focusing. During the prefo 
cusing the device is turned 90° around an axis perpen 
dicular to the plane of the paper, in order that the ?nal 
focusing column 48 then will have a horizontal axis. 
Also‘ in this example the final focusing column is repre 
sented by the above mentioned apparatus marketed by 
LKB-Produkter AB. As described above, this apparatus 
comprises, besides the column itself, noble metal elec 
trodes, a centrally situated gas out?ow tube, and a 
cooling jacket. As these constructional details are 
known as such and are not making part of the inven 
tion, only the outer countours of this column have been 
drawn in the ?gure. The volumes of the two columns 
are equal. . 

The prefocusing column 52 is at its top and bottom 
limited by two non-gasing electrodes 42 and 46, each 
joint by soldering to one external wall of two cooling 
chambers 47 and 49, each provided with two pipe sock 
ets 41. Laterally the prefocusing column is restricted by 
vertical walls 44, e.g. being a short elliptical or circular 
cylinder. In two diametrically opposite points there are 
threaded holes 45,50 in which alternatively threaded 
stoppers or tubes could be inserted. During prefocusing 
there is in the hole 45 a stopper, in the hole 50 a tube 
which via a cock 51 forms the connection to the ?nal 
focusing column 48. The prefocusing column is tight 
ened by means of O-rings 43 combined with a clamping 
device acting on the outer walls of the two cooling 
chambers. 
When operating this column device it is ?rst placed 

in ?nal focusing position (as in the ?gure), the ?nal fo 
cusing column is ?lled with a ?uid with greater a den 
sity than the bottom solution to be used in the prefocus 
ing column, whereupon the bottom cock of the ?nal fo 
cusing column and the cock 5] between the columns 
are closed. The prefocusing column then is ?lled with 
an amfolyte solution containing the protein sample, out 
of a density gradient mixer, whereupon the hole 45 is 
closed by means of a stopper. The column device then 
is turned slowly 90° around an axis perpendicular to the 
plane of the paper, the cooling water ?ow is started and 
electrical voltage is applied for prefocusing. After com 
pleted prefocusing the current is disconnected and the 
column device is turned backwards 90°. The cocks in 
both ends of the ?nal focusing column are opened, and 
the stopper in the hole 45 is removed. By means of one 
of the cocks the ?ow rate downwards is adjusted to a 
suitable, low value. After the ?uid content of the prefo 
cusing column has ?owed down into the ?nal focusing 
column, the bottom cock of the latter is closed, and the 
prefocusing column is removed. Voltage is applied to 
the ?nal focusing column, and after completed ?nal fo 
cusing the current is disconnected and the column con 
tent is divided into fractions ?owing out through the 
bottom cock. 

In a typical experiment with the device according to 
FIG. 1 the prefocusing required 1.5 hours and the ?nal 
focusing 3 hours. 

In an experiment with the device according to FIG. 
4 the prefocusing was carried out during 1 hour, where 
upon the column content was transferred to the ?nal 
focusing column during 15 minutes. The ?nal focusing 
was then carried out during 5 hours. By using any of 
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14 
these apparatuses it is possible to obtain the resolution 
power ApI = 0.02, stated above. 
With the device according to FIG. 4 it is most likely 

that this resolution can be achieved in a prefocusing 
period of only 10 minutes and a final focusing period 
of 3 hours. Thus, the focusing period is decreased from 
24-48 hours to about 3.5-6.5 hours. Isoelectric focus 
ing with this high resolution in this short period of time 
means a decided improvement compared to hitherto 
known technique. 
We claim: 
1. Apparatus for the separation of components in a 

sample solution by isoelectric focusing in which said 
focusing is performed in at least two successive focus 
ing steps comprising, closed container means to be dis 
posed in a first position during said first focusing step 
and in a second position during the second focusing 
step, the interior thereof de?ning a focusing chamber, 
at least two pairs of oppositely disposed walls, the mean 
area of one pair of said walls being less than the mean 
area of the other pair of said walls, the mean distance 
between said one pair of walls being greater than the 
mean distance between said other pair of walls, an elec 
trode system for selectively generating a vertical direct 
current electrical ?eld across said sample between the 
respective inner surfaces of each pair of said two pairs 
of oppositely disposed walls in either of said ?rst or sec 
ond positions of the container means. 

2. Apparatus according to claim 1 which includes 
means for externally cooling said focusing chamber. 

3. The invention de?ned in claim 1, wherein said 
closed container means is rotated bodily about a single 
axis for movement between said ?rst and second posi 
tions. 

4. The invention de?ned in claim 1, wherein said 
electrode system includes a separate vessel contianing 
an electrode and an electrolyte solution therein, said 
separate vessel and said closed container means being 
separated from each other by a convection breaking 
electrolytically conducting membrane, said membrane 
de?ning at least one of said two pairs of walls, said 
membrane separating the sample solution from the 
electrolytic solution. 

5. The invention de?ned in claim 4, wherein said sep 
arate vessel includes means for cooling said electrolytic 
solution. 

6. The invention de?ned in claim 5, wherein said 
means for cooling said electrolytic solution includes 
conduit means in said separate vessel for conducting a 
cooling medium in heat exchanging relationship 
through said electrolytic solution. 

7. The invention de?ned in claim 1, wherein said 
electrode system includes at least one electrode ele 
ment in direct contact with said sample solution in one 
position of said container means. 

8. The invention de?ned in claim 7, wherein said 
electrode element comprises palladium. 

9. The invention de?ned in claim 7, wherein said 
electrode element comprises silver. 

10. The invention de?ned in claim 7 wherein said 
electrode element comprises lead. 

11. The invention de?ned in claim 7 wherein said 
electrode element comprises mercury. 

12. The invention de?ned in claim 11 wherein said 
mercury electrode element is disposed at the bottom of 
said focusing chamber on a respective one of said two 
pairs of oppositely disposed walls in either of said first 



3,915,839 
15 

and second positions of the container means, said 
means also including means for cooling said mercury. 

13. The invention defined in claim 7, wherein at least 
one wall of at least one of said two pairs of walls in 
cludes a flat electrode extending over the entire area of 
the inner surface of said one wall. 

14. The invention de?ned in claim 13 wherein said 
closed container means includes a removable section, 
the inner surface of said section de?ning said one wall, 
and means for detachably connecting said section in 
fluid tight engagement with the remainder of the con 
tainer means. 

15. The invention de?ned in claim 14 wherein said 
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closed container means also includes at least one cool— 

ing chamber in heat exchanging relationship with said 
sample solution. 

16. The invention de?ned in claim 1 wherein said 
closed container means comprises two focusing cham 
bers in communication with each other, and valve 
means for con?ning said sample solution in one of said 
focusing chambers while in said one position and for 
transferring the sample solution to the other of said fo 
cusing chambers when the container means is in said 

second position. 
***** 
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