


IONOGRAPHY

ELECTROPHORESIS IN
STABILIZED MEDIA

by
HUGH J. McDONALD, D.Sc.

Professor of Biochemistry .
Stritch School of Medicine of Leyola University, Chicago

In rottaborariomwith

ROBERT J. D&PHE, M.S.
Research Assistant, Dephriment of BiocHemistry, Loyola University

EDWARDWMARBACH, Ph.D.

Associate Chemist, Amerigan-Meat Idstitute Foundation and Research
Associate (Instructor), Depattmemt=of Bsochkmistry, University of Chicago

ROBEREHE. SRITZER, M:S.
Research Assistant, Departmugpt Jf Biockemisiry, Loyola University

MATTHEW!C ¥RAEIN, Ph.D.

Associate. Cheinist, €helnital Division
Corn Produgts Refining Comlpany, Argo, 1(1.

1955



Preface

ALTHOUGH THE ROOTLETS of the technique described in
this monograph are now discernible in the work of Hittorf and
Lodge and actually nourished the fruitful work of Teague and
his associates in the early part of this century; they withered, for
all practical purposes, until the nineteen-twenties, when revived
for a few years by Kendall and his co-workers. About a decade
later von Klobusitzky described the technigue he used for the
partial fractionation of a snake venom preparation using paper-
stabilized electrolytes which has, in embryonic form, many of
the features of modern-day technique. Berraz shortly afterward

described an apparatus and procedure for the separation of inor-
" ganic ions. This brief flicker of life again withered, not to be
revived until the period of 1948-50, when several investigators
throughout the world independently rediscovered and described.
the various experimental techuiques that are, with some modifi-
cations, in use today. This time, the new rootlets grew vigorously.
As the root system spread into the research fields of amino acids,
proteins, hormones, vitamins and other complex natural materials,
as well as into the area of inorganic chemistry, it gave rise to
numerous publications, scattered far and wide in the scientific
literature. Although several review articles or chapters in books
devoted mainly to related phenomena have appeared, no single
monograph in any language devoted exclusively to this new
technique has come to the attention of the authors.

For a while the new discipline, based on electromigration in
stabilized media, was regarded as a stepchild by the workers in
the field of chromatography and in traditional electrophoresis
At first, both disciplines spread, somewhat condescendingly, a
protecting wing over the ungainly young infant. As the new
technique grew in stature and acceptability, however, its foster
parents each began to claim it as a blood relative and to describe
it in terms unmistakably related to the family name. Investigators
in the field of chromatographi., seeing the many points of simi-
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larity between the new technique and their own, tended to
identify the two, despite the fact that the theoretical basis for
separations achieved by the two processes was fundamentally
different. A similar pattern was followed by the workers steeped
in traditional electrophoresis. In this way such terms as electro-
chromatography and paper electrophoresis gained ground.

To other workers, owing no allegiance to either the field of
chromatography or traditional electrophoresis, the new technique
appeared worthy of an independent stature and nomenclature.
The authors of this monograph fall into this class. Some forms
of influence do, however, play a role in how far one’s thinking,
as regards the new separatory process, leans toward chroma-
tography or traditional! electrophoresis. Since the new technique
has grown most luxuriantly in the biochemical and clinical fields
and has been especially useful in the fractionation of high molec-
ular weight substances which are usually difficult to separate by
chromatography, the tendency among these workers has been,
more and more, to align the technique with electrophoresis
rather than with chromatography. This alignment will also be
apparent in the monograph, although a flexible attitude as re-
gards the terminology used throughout the book has been
adopted.

In this summary of present knowledge regarding electromigra-
tion in stabilized media, major emphasis has been placed on
paper-stabilized electrolytes, although the work on ion or particle
migration in electrolytes stabilized with materials such as agar,
silicic acid, gelatin, starch, ground-glass wool, glass beads and
cloth, cotton, silk, etc., has been reviewed. No attempt has been
made to include the vast volume of literature on paper chroma-
tography or on electrophortsis in non-stabilized electrolytes,
except insofar as it may touch on the main theme of the mono-
graph. Both of these fields have been competently reviewed in
several recent publications. A review of the key references to
the techniques of electrographic analysis and of iontophoresis is
furnished.

In general, throughout the book, the graphs illustrating prin-
ciples involved are based on experimental work done by the
authors themselves. No apology is made for the fact that the
emphasis, as regards experimental technique, is placed on the
horizontal paper strip in a gas atmosphere. The authors have, at
one time or another, employed almost every technique for con-
ducting ionographic separations which has so far been described,
but the bulk of their experience has been with the horizontal-
strip method, with paper as the stabilizing medium. The method
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is an eminently usable one, its acceptance being reflected in the
large proportion of the commercially available apparatuses for
ionography which now utilize this design, with paper as the
principal stabilizer. Since the value of photographic reproduc-
tions of ionograms is not agreed upon generally, a decision was
made to omit them almost entirely.

It is vealized that complete coverage of the literature on the
technique of electromigration in stabilized electrolytes is difficult
to achieve. The technique is often used simply as a means to an
end, without any mention of the fact appearing in the title of an
individual paper. The authors would, therefore, appreciaie hav-
ing brought to their attention the omissions and errors in the
listing of papers, in order that corrections may be made when
the opportunity arises.

Chicago
November, 1954
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CHAPTER 1

Historical Introduction

IN THE PAST, two general methods have been available for
studying the electrophoretic behavior of charged particles in a
liquid. The microscopic method, which depends on direct obser-
vation of the motion of the particles with a microscope, is
adapted to the study of mobilities of fairly large particles. Its
usefulness was extended somewhat by finding that various finely
subdivided inert materials such as glass, o0il and collodion can
in some instances be so completely covered with absorbed pro-
tein that they behave as if they were large protein particles.

In the moving-boundary method the displacement of the pacti-
cles in an electric field is recorded photographically as the move-
ment of a boundary between a dispersed phase and the dispersion
medium. The method has found particular usefuiness in the
study of protein systems. The heart of the apparatus is essentially
a U-tube in which buffer solution can be layered carefully over
the protein-buffer dispersion. Sharp boundaries can be main-
tained if thermal convection currents are minimized by careful
temperature control and if the protein buffer has been previously
dialyzed against the buffer itself so that the electrolyte concen-
tration does not change appreciably across the boundary. An
adequate description of the microscopic and moving-boundary
techniques has been given by Briggs (79), and the general
theoretical background of electrophoresis has been reviewed by
Alberty (4,5, 7).

During the past few years a third method of achieving electro-
phoretic separations and of determining electrophoretic mobilities
has come to the fore. This technique, whose origin dates back
about seven decades, depends on the electromigration of charged
particles, either ions or colloidally dispersed substances, through
conducting solutions which have been stabilized with agar, gela-
tin, filter paper, starch, glass-fiber ribbon and other materials.
The extent of movement is determined by such procedures as
developing colored derivatives, incorporating radioactive tracers,

1
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using light-absorptive characteristics or determining changes in
other physical chemical properties of the stabilized media. The
method appears to be more flexible than the microscopic and
moying-boundary techniques. It lends itself equally well to the
study of electromigration of ions and colloidal materials and has
scored notable success particularly in the fractionation, absolute
separation and identification of microamounts of high molecular
weight substances which are difficult to separate by chroma-
tography.

The idea of stabilizing solutions of electrolytes, in which ionic
migration experiments were being conducted, goes back many
decades. Lodge (406), in 1886, used gelatin-stabilized media in
glass tubes in determining the electromigration velocities of a
number of inorganic ions by measuring the movement of colored
boundaries or the formation of rings of precipitates. Arrhenius
(29), also in 1886, reported on a study of the relationship be-
tween the fluidity of electrolytes stabilized with gelatin and the
conductivity of the same solutions of inorganic salts. Whetham
(716), in 1894, showed that the addition of sufficient agar to just
cause a dilute solution of an inorganic electrolyte to set reduced
velocities of the ions by less than 10 per cent, and he conse-
quently used it to stabilize the boundaries of solutions in which
ionic migration velocities were being detcrmined (716-7).
Masscn (437), in 1899, used gelatin as a stabilizer in his studies
of the relative migration velocities of inorganic ions.

The next group of publications on electromigration in stabilized
media is that of Teague and co-workers. In 1907, Field and
Teague studied the electromigration characteristics of diphtheria
toxin and antitoxin (183) as well as of tetanolysin and antitet-
anolysin (184) in agar-stabilized electrolytes. Teague and Buxton
(669), also in 1907, studied the electromigration characteristics of
hemolytic amboceptors, hemagglutining and complement in agar
jelly.

Kendall and his associates (322-8) from 1923 to 1928 applied
the method of electromigration in agar gels to the separation of
isotopes, of ions of rare earth metals, of radinm from barium and
of hafnium from zirconium, besides doing some work on the
separation of mixtures of alkaloids and of organic isomers.

in 1934, Veil (88%h-i) reported on the effect of an electric
field on the diffusion of alkali carbonates in gelatin. Fer use of
radivactive substances as tracers (689j) is illustrated by the
experirnent in which she impregnated a strip of gelatin with
barium chloride containing radium chioride, electrolyzed it and
then placed it in contact with a photographic plate. The details
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of her technique are not far removed from those in use for a
similar purpose today.

The year 1939 was a banner one as regards publications on
the technique of electroseparatory processes. Strain (643) de-
scribed an arrangement in which two electrodes were inserted in
an alumina column of the type used in chromatographic adsorp-
tion analysis. By using the combined influences of chromatogra-
phy and electromigration, he separated a number of mixtures of
colared substances.

Coolidge (123), also in 1939, described a technique in which a
column packed with ground-glass wool was used to fractionate
serum proteins. The techniques described by Strain and Coolidge
embodied many of the principles emploved today w the column
technique.

It was also in 1939 that von Klobusitzky and Konig (698), in
Brazil, published a proceduvre in \ hich they employed a strip of
medium-hard filter paper, 1 x 5 cm, the ends of which were con-
nected by means of clamps to a 110 velt d-c souree in series with
an adjustable resistance and a milliammeter. The paper was
moistened with a dilute solution of an elertrolyte, and 1 drop of
the solution under study, containing yellow-colored snake venom,
from Bothrops jararaca, was placed on the moistened paper at a
point midway between the ends. During some experiments the
paper strip was opened to the air, while during others it was
placed between two glass microscope slides in order to retard
evaporation. On allowing the current to flow for 20 min at
pH 6.0, the spot of colored snake venom was found to migrate
toward the positive electrode. Starting at the center, the paper
strip was cut transversely into several narrow sections, from each
of which the material was extracted and suitably tested in
various ways. The authors refer to an earlier paper by Konig
(351) in which the experimental technique and some prelim-
inary results were described. In the earlier work, the moistened
strips of BaSO,-free filter paper (4 x 1.5 cm) were placed on a
glass surface. Several drops of the migrant substance, dis-
solved in a diluted solution of a neutral sait, were placed on the
center of the strip, the ends of which were connected by meaus
of clamps to a 100 volt d-¢ source. After several hours, the strips
were cut into several pieces, each piece was exiracted with the
same quantity of the same solvent and the extract examined. As
an example, a 1 per cent solution of the venom of Bothrops
jararaca was subjected to electromigration, and at the end of the
run the coagulant power of the material in the various secticns
of the paper strip was determined on oxalated horse blood. When
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the 4 cm strip was cut transversely into six sections of equal
width, after a 2-hr periad of electrophoretic separation, the fol-
lowing results were obtained (351).

SECTION COAGULATION TIME
Biisiniins S8 § S N E A W T several hours
=D 5 e 5w B § A0S S S B B 19 min
e T T T Ty e 9 min
e 4 min, 30 sec
B e S B S W R AR P s R BB 2 min
P snms g punws s miswsmy e 61 min

The section designated “-3” refers to the section closest to the
negative end of the strip, while the section designated “+1” refers
to the first section, measured from the midpoint of the strip,
toward the positive end of the paper sheet.

In 1943, Berraz (52-3), in Argentina, described a procedure for
the separation of inorganic ions by the action of an electric cur-
rent along a narrow strip of filter paper previously wetted with
a conducting buffer solution. The paper strip was held in a
vertical position in a tall glass cylinder of the type used in paper
chromatography. The potential was impressed along its length
by placing one electrode in the trough holding the upper end of
the strip and the other in the bottom of the cylinder. After the
current flowed for a certain period of time, the paper strip was
dried and sprayed with the characterizing reagent, resulting in
an “electrocapillogram.” In some cases, selective precipitation of
a specific species of ions was resorted to, when their presence
could not be made readily identifiable by spray reagents. In this
selective precipitation procedure, a suitable reagent was added
to the paper strip which captured and immobilized the desired
ions, as they migrated past, through the formation of insoluble
colored complexes. Comparison of electrocapillograms with
those obtained with small known samples, and observation in
ultraviolet light before and after development with suitable
reagents, helped in interpreting the results. Berraz also cbserved
that the velocity of displacement varied with the nature of the
ions and that it increased with increase in potential gradient and
temperature. It is interesting to note that he suggested the use of
the term “electrochromatography” in the conclusions to his.
second paper (53).

In 1944, Lecoq (383) described a technique quite similar to
that developed earlier by Strain but apparently representing an
independent development on his part. He investigated the influ-
ence of an electric potential when applied to the top and bottom
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of a column in which the chromatographic separation of inor-
ganic salts was being conducted and named the technique
“electrochromatography.”

In 1946, Consden, Gordon and Martin (117) published a
paper on the ionophoretic separation of amino acids in media
stabilized with silica gel. They used the method in their study
of the amino acids and peptides of wool, insulin and other pro-
teins and described a procedure whereby the separate bands
representing the various components of a mixture could be local-
ized by placing a sheet of filter paper in contact with the gel
surface. This “print” was then treated with ninhydrin to develop
a pattern of the separated amino acids.

Butler and Stephen (96), in 1947, described the use of asbestos
fiber as a stabilizer in a tube partitioned with filter paper and
used the procedure to obtain a separation in 24 hours of glycine
from glycylglycine at pH 9.3 and a potential gradient of
2 volts/cm.

In 1948, Haugaard and Kroner (275) announced the results of
some experiments in which electromigration was combined with
chromatography to separate amino acid mixtures. A vertical
sheet of paper was threaded with electrodes along the two verti-
cal edges. As the migrant mixture separated, chromatographi-
cally, on its downward course from the center of the top edge of
the sheet, the presence of the electric field resulted in a simul-
taneous lateral separation. The combination of these two forces
gave a reasonably good separation of the amino acid mixtures
which were investigated.

Wieland and Fischer (725), in 1948, published the first ac-
count of their work in which paper strips were used to stabilize
the electrolytes. In 1949, Garrison, Haymond and Maxwell (209)
reported the separation of some radioactive elements from other
inorganic compounds based on electromigration through a stack
of 30 circular filter paper sheets which had beea placed between
two platinum electrodes. Also in 1949, Gordon, Keil and Sebesta
(225) utilized agar-stabilized media to carry out an electro-
phoretic separation of proteins.

In 1950, reports on the subject of electromigration in paper-
stabilized electrclytes were published by Cremer and Tiselius
(126) in Sweden; by Durrum (150), by McDonald, Urbin and
Williamson (456) and by Kraus and Smith (353) in the United
States; by Biserte (55) in France; by Grassmann and Hannig
(236-8), by Korver (352) and by Turba and Enenkel (684) in
Germany. In 1951, an ever larger number of papers on the
technique appeared, and the number of reports on various appli-
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cations, modifications and limitations of the technique has grown
phenomenally since that time, so that this simple procedure has
moved into the front ranks of important tools in biochemical and
clinical chemical research.

Next to paper itself, one of the most promising stabilizers for
media in which electrormgranon experiments are to be carried
out is starch. The pioneering work in determining the character-
istics and potentialities of starch as a stabilizer has been done
principaily by Kunkel and his associates. Kunkel has recently
published a full review in which the merits and limitations of
starch are compared to those of paper and other stabilizing
materials (357), and the details of carrying out electrophoretic
fractionations using the starch-block or -column technique are
presented in some. detail. One of the principal arguments put
forward in its favor, by the proponents of the starch technique,
is based on the lowered adsorption of serum proteins and some
cther complex materials such as lipoproteins, as compared to
paper. It is claimed that very little adsorption of serum proteins,
for example, takes place with potato starch as the stabilizer, and
they shift with the liquid volume without tracing. The technique
has found greater application in qualitative separations and
small-scale preparative procedures than in mobility determina-
tions (11, 193, 195, 356, 357, 368, 399, 611).

By the starch-block procedure as much as 5 ml of human
serum can be separated into the five main components observed
in free-solution electrophoresis and the fractions isolated. Nitro-
gen analyses have indicated up to 97 per cent recovery by dis-
placement filtration of the starch segments in short ground-glass
filter columns. Certain peptides, particularly the basic type,
showed reversible adsorption to the starch in aqueous buffers,
and other supporting media such as glass beads and purified
cellulose proved more suitable for preparation experiments in
the block form (356). A column procedure witn cullection of
fractions in a mechanical fraction collecter after electrophoretic
separation proved useful for a few specific purposes, but theoret-
ical as well as experimental disadvantages over the block proce-
dure were apparent (193).

Although this account of the historical development of the
technique of electromigration in stabilized media has been pre-
sented in a chronological fashion, a closer look at the literature
will quickly reveal that the ideas in most cases up to about 1951
appear to heve arisen independently in widely scattered labora-
tories throughout the world, and the various investigators usually
were quite unaware of the previous work in the field at the time
of their initial publications.
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Any account of electromigration in stabilized media would be
incomplete without a reference to the work of Hermance and
Clarke (109, 282) on the use of paper as a medium in which to
conduct microchemical reactions, including electrolysis (282),
to the excellent monograph by Butler (96a) on the electrical
phenomena at interfaces in chemistry, physics and biology and
a brief mention of the electrographic method of analysis, which
also involves electromigration of ions through paper-stabilized
media. The principle of the technique is that the test substance
is used as anode with aluminum foil as cathode, and filter paper
moistened with a suitable reagent is placed between the poles.
The reagent paper is not laid directly on the aluminum foil, but
on another filter paper moistened with potassium chloride or
sulfate as electrolyte. This arrangement allows the current,
usually provided by a small battery, to flow more easily. When
the circuit is closed, the metal whose analysis is sought is dis-
solved ancdically and can react directly with the reagent in the
paper, to produce characteristic color stains. The method has
found considerable application in the non-destructive testmg of
metals and alloys. Among the principal contributors to the devel-
opment of the electraographic method of analysis are: Glazanov
(217-6), Jirkovsky (&08), Dyachkovskii and Isaenko (158),
Arnold (28) and Evans and Lewis (174). A general review of
the technique has been written by Lingane (403).

From the foregoing account it is evident that despite the devel-
opment of the moving-boundary type of electrophoresis apparatus
to the point where it became a practical tool for studying high
molecular weight charged substances, and their naturally occur-
ring mixtures such as blood plasma proteins (397, 674), it failed
to satisfy all needs. The absolute separation of the constituents
of a mixture, and the handling of ions, for instance, were not
very practicable on the moving-boundary apparatus, and fairly
large quantities of material were required. Scre classes of sub-
stances, such as lipoproteins, have a]ways pwsmt-,d difficulties
when submitted to electrophoretic analysis in non-stabilized
media (680). The microscopic method for studying the electro-
phoretic behavier of charged particles in a lignid is even more
limited in application (79).

Because of this situation, an interest was maintained in elee-
tromigration through electrolytes stabilized with substances such
as dg,"lr :’ 131 225, 262a, 322-8, 390, 527-8, 663), ground-glass
wool {123}, glass powder (261}, cotton (643), cotton gauze
(707), cotton string (33), a;sbestos fiver (86), silica gel (117,
225), starch (11, 19;, 185, 356, 357, 368, 399, 611), silk (161)
cation exchange resing (633-3) and other mc.-wmls In these
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techniques (except for the last-named, which is rather special-
ized), the preparation of the stabilized column or trough is
usually time-consuming, the removal of separated fractions of
such materials as protein hydrolysates is not always easy, and
with the exception of starch when used with certain substances,
a large element of chromatography is inseparably bound up with
the electrophoresis. Ingenious combinations of chromatography
and electrophoresis have, of course, been developed (3c, 76, 154,
235, 275, 317, 543a, 651, 658), and are often very useful in the
resolution of complex mixtures. This follows from the fact that
many substancés may be similar as regards adsorption or partition
behavior but may be quite dissimilar as regards electrokinetic
properties. These combinations of chromatography and electro-
phoresis, which are nicely described by the terin “electrochroma-
tography,” are, of course, of little value in determining such
electrokinetic properties of substances as, for example, the
isoelectric point of proteins or amino acids (360-1, 444, 446, 458,
603, 687, 741), which are determined from mobility data. In
fact, it might be said that if electromigration through stabilized
electrolytes is to be utilized for any purpose involving mobilities
of the migrant, every effort should be made to reduce chromato-«
graphic interference to a minimum. How this objective is accom-
plished, using paper and similar materials in sheet or strip form
to stabilize the electrolyte, will be made evident in later chapters.



CHAPTER 2

Types of Apparatus and
Nomenclature

AS MENTIONED EARLIER, many variations in the technique
of carrying out separation processes in stabilized media due to
differences in electromigration rates have been developed in
attempts to control variables inherent in the process or to meet
the contingency of some specific problem. The separation of
charged particles has been carried out in tubes (134, 183, 184,
322, 406, 437, 527, 717), or columns (96, 123, 193, 383, 643)
filled or packed with various substances, in slabs of gel or starch
(225, 227, 356-8, 390), in sheets or strips of filter paper and
similar materials (33, 53, 55, 126, 150, 263, 363, 456, 471, 684,
698, 725). Paper has been used dry (595), it has been compressed
between glass or plastic plates (126, 361, 651, 698), hung over a
rod or suspended vertically (52, 53, 150, 194, 471), stretched
horizontally in a closed vessel (221, 234, 237, 241, 444, 456, 458,
474), or immersed in a ncn-miscible, non-polar solvent (122,
433). Many ingenicus arrangements have been suggested in
attempts to control the temperature, evaporation and sclvent
movement through the paper. Continuous evaporation of the
solvent has been promoted (416, 418), high-frequency power
sources have been used (414) and truly microtechniques, em-
ploying combined histological and photometric procedures, have
been developed (161).

All these variations in technique might be included as separate
items in a scheme of classification, but it was decided, for the
sake of simplicity, to base the classification (where a singie
potential gradient served as the driving force) on the manner in
which the paper strips were held in piace in the apparatus and
to discuss in each case mainly the earlier known papers and
principal modifications in design. Those procedures in which
more than one principal driving force is involved, and the more

9



