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GENERAL INTRODUCTION

Far an adeqguate assessment of the structure or proper=
ties of & chemical substance it is often of degisive impor-
tance that the substance can be isolated from its native
environment. All branehes of chemistry and biochemistry
therefore reguire separation methods for analytical and pre-
parative purposes. Most appropriate the Duteh word for the
entire science of chemistry, Scheikunde, means the art of
separation. During the last fifty years separation techni-
gues have avolved in a rather spectacular way and have bhe-
come & self-avident factor in analytical chemistry. Numercus
separation methods have been developed and fortunately for
the analytical chemist, with interest in separation, there
is no straightforward and simple answer to the question :
"which separation methed is the best 2".

Electrophoresis can be used as a methed for achieving
separation of icnic substances in solution using an electric
field. PFurthermore the term electrophoreszis is loosely ap-
plied to a number of industrial processes involving particle
pracipitation onto a surface. Like all separation methods,
whether thevy involve dilution or concentration of the solu-
tes, electrophoresis aims to produce a relative increase of
congentration in a mixture of one solute with respect to
another, at least one solute being icnic.

The fundamental phenomenclodgy of electrophoresis has
heen described already in 1887 by EKohlrausch L and numerous
different technigues and procedures have been developed. As
a result electrophoresis proved to bhe a useful method for the
separation of many iohic solutes, especially for large bhio-



polymers, Whereas after World War II chromatography develo-
ped quite spectacular, electrophoresis remained at akhout the
same level of utility as that of paper—- and thin layer chro-
matography. In the early nineteen sixties, however, there
hag been an accumulation of new impulses in electrophoresisz:
dise glectrophorestis 2, tgoelaactrie foousing 5 and tsotacho-
phorests 7, Ezspecially feor the latter technigque there has
been a continucus effort in improving the instrumental con-
ditions and the theoretical knowledge 5. This thesgis and the
authors further work on electrophoresis aims to fit within
this frame work as it was started with the second generation
of isotachophoretic instrumentsg 6 and ended with a third
genaration 7

Nowadays isotachophoresis can compete with other amalytical
separation technigues. It has found its 1ts applications in
many flelds, especially with low molecular weight substan-
¢es, and hag advantages due to its high resclving capabili-—
ties, accuracy and flexibility.

REFERENCES

F. Kohlrausgh, Ann. Phye. Chem., &2 (1897) 209.

2. L. Ornstein, 4dnwn. N.Y. Adecad. Sei., 121 (1964) 321.
H. 8vensgon, Aeta Chem. Scand., 15 (1961) 325,

4, A, Martin and F. Everaerts, Anal. Chim. decta., 38 (1967)
233,

5. F. Bveraerts, J. Beckers and Th. Verheggen, ITactachepho-
rests, J. Chromatogr. Libr. Vol VI, Elgevier, Amsterdam—
Oxford-New York, 1976

6. F. Everaerts, M. Geurts, F. Mlkkers and Th. Verheggen,
J. Chromatogr., 119 (1976} 129,

7. F. Everaerts, Th. Verheggen and F. Mikkers, J. Chromato-

gr.,189 (197%) 21.
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CHAPTER 1

Electrophoresis

Electrophoresis L5 an eleatric
fleld indyoed transport progess
of electrically charged parti-
cles. It is a strongly regula-
ted proceces, governed by the
Koklrausch regulating function
aoncept. Basieqlly four elgetro-
phoretic migration modes suffice
to deseribe all electrophoretis

geparation techniques.

1.0. INTRODUCTION

As early as 1808 von Reussl

cbserved two important
electrokinetic effects. He inserted two vertical glass
tubes intoc a lump of moist clay, filled them with water
and put an electrode in each. Applying a voltage ovexr the
electrodes, the water rose in one tube and sank in the
other. Moreeover, the water in the latter became turbid,
since clay particles were moving in the opposite direction
to the water. He thus discovaréd both electro-osmosis and
electrophoresig. Since that time numerous inwvestigations
have shown that this elegtric field induced migration is &
general electrokinetic phenomenon shown by colloidal par-
ticles. As a result electrophoresis is historically linked
with colleid chemistry, where it proved to be a useful
methed for the measurement of electrophoretic mebhilities
of colloidal particiles.

The concept of ionic migration was suggested by Hittorf2
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in 1853, and in the following years the measurement of the
Hittorf transference numbersB’4 obtained mugch attention,
At the end of the last century the early physico-che-
mi¢al interest in electrophoregis diverged into a more
analytical one: elactrophoresis as a method for achieving
separation, iIn this respect an important discovery was
made by Hardy5 in 1859, when he noticed that the net slec-
trical charge of proteins could be changed in varying the
pH of the protein solution. It was in fact Michaeliss who
revealed the potential strength of electrophoresis on the
separation and characteriszation ¢f proteins, Substantial
experimental improvements in electrophoretic techniques
were introduced by Svedberg and Tiselius in 19267. The
real importance of electrophoresis for protein chemistry
was stipulated by the work of Tiselius®’® who in 1937
described in detail his moving boundary equipment and for
his work he obtained the Nobel Prize. Although Tiselius
was convinced of the general applicability of electropho-
resis, from that time on a close lialson between electro-
phoresis and proteins was established. In the early
sixties this association was reinforced by the ingenious

work of Ornstein10 and Daviest!

, With the development of
discontinuous electrophoresis, About the same time the
development of iscelectric focusing was initiated by
SVEnssonlz, and particularly this technigue proved to be
extremely well applicable for proteins.

From the start, however, there was a problem which
always worried research workers: stabilization in electro-

3 observed that electro-

phoresis,. Already in 1886 Lodgel
phorezis was very sensitive t¢ convective disturbances and
he appears to have been the first to attempt to use an
anticonvective medium, gelatine in his case, in order to
study the migration characteristics of inerganice ions in
an electric field. Since that time numerous substances,
such as glass wool, glass beads, cotton gauze, silk fibers,
papar, gels of agaroge and poly-acrylamide,ete, have been
used, with more or less success, In fact the liaison elec-
trophoresis=chromatography was born out of the need for

14



stabilization. Thi= liaison not only inoreased the practi-
cal applicability of electrophoresis in protein chemistry
but also allowed the use of electrophoresis as a practical
separation technigue for lower molecular weight substances.

A problem of comparible importance to stabilization
has been detection. Even nowadays the most generally ap-
plied method of detection is based on a specific chemical
reaction of the sample constituents with a chromogenic
reagent, Numerous staining procedures, for post-run detec-
tion, have heen developed for proteins as well as for low
molecular welght substances, Many of the procedures are
familiar with those used in paper- and thin-layer chroma-
tography. Though generally rather elaborate some of these
procedures have a high sensitivity and specificity. This
is best illustrated by immunc-electrophoresis, in which
the highly specific immunochemical precipitation of the
antigen-antibody system is used. Various detection systems
have heen developed for in run detectdon, of which the
SBchlieren method proved to be useful for moving boundary
electrophoresis with the Tiselius apparatus. This inter-
ference method, monitoring & change of refractive index,
is useful for electrophoresis in free seolution but not in
gels and reguire rather elaborate optics.

In the early sixties both problems, stabilization and
detection were again tackled by XKongtantinov and Oshur-—

14 and Hartin and Everaartsls, in the development

kova
of isotachophoresis. The use of capillary syvstems (anti=
convective carrier) and reliable detection systems (photo-
metric, thermometrig and conductimetrie) in combination
with a superb electrophoretic principle (isotachophoresis)
proved to be successful. Whereas most of the earlier work
did find its main field of application in proteins and
proteinlike substances, this new approach was extremely
well applicable to the lower molecular weight substances.
The develecpment of detection systems with & fast response
and high sensitivity and the use of capillary configura-
tiong therefore can be a turning peint in the development
of electrophoresis.

13



1.1. ELECTROPHORESLIS A REGULATED PROCESS

Electrophoresis ¢an be considered as an electric field
induced transpeort process of electric charge carrying
species in a conductor, that consists of a solution of
electrolytes with initially arbitrary local concentrations.
Ag early as 1897 Kchlrauschle coneluded that the change of
local electrolyte ceoncentrations ¢annot be an arbitrary
process, but must be strongly regulated, This he formu-
lated in his regulating functlen concept and its mathema-
tical expression "die beharvliche Function'”. Kohlrausch
darived his regulating function not with respect to a spe-
cific electrophoretic principle but as a general concept.
It compriged the transport phencmena, that occur during
electrolysis of electrolyte zolutions, without the analy-
tical implications that nowadays are linked with electro-
phoresis. In his original work he applied his basic con—
cept to several electrophoretic configurations. The ex-

periments of LodgelB, Wethaml-”18

and Nernstlg were for
him the basis to derive a specific function for the elec-
trolyte configuration in which the constituents are elec-
tropheoretically displaced by a sharp moving boundary.
These experiments c¢an be considered as the onset of moving
boundary electropharesis, which proved to be a useful
method for the measurement of mobilities and transference
numbR&rs.

When Tiseliusa developed his moving boundary method
inte a4 quantitative analytical method, a new interpreta-
tion of the regulating function concept begame degirable.
The first attempt was made by Svenssonzo, when he derived
the moving boundary equation, in which the moving boundary
velocity i3 related to local constituent ceoncentrations
and mebilities. Some years later the moving boundary egua-
tion was given in a moxe general form by Longsworchl.
Dole22 and AlbertyzB. The regulating function concept as
well as the moving boundary theory regained their impor=
tanae with the development of isctachophoresis and dis-
contimious electrophoresis. These technigques ¢learly

16



showed that electrophoresis iz a regulated process
governed by four basic principles: Ohms law, electroneu-
trality, chemical eguilibrium and balance of masszﬁ.

The Kokhlrauseh ragulating functions

In electrophoresis the migration velocity, #, of a
constituent ¢ is given by the product of effective mobili-
ty Ei and the local electric field strength, E:

vy = my E {1.1)

The electric fieid strength is vectorial so,the effective
tiwbilities can be taken as signed gquantities, positive for
eonstituents that migrate in a cathodic direction and nega—
tive for those migrating anodically. As a constituent may
consist of several forms of subspecies in rapid equili-
brium, the effective mobility represents an average ensem-—
ble. Not considering constituents consisting of both posi-
tively and negatively charged subspeclies in equilibrium,
we can take concentrations with a sign corresponding to
the charge of the subspecies. Thus the total constituent
concentration, Ei' is given by the summation of all zub-—
spacies concentrations:

¢. = Ie (1.2)
1 n n

where €, iz the subspecies concentration.

Pollowing the mobility concept of Tiseliusz4, the effoc—

tive mobility is given by

m
cnn

(1.3)

:—nizz
n

ol

i

where m, ig the ionic meobility of the sub-species. The ef-
fective mobility of the constituent can be influenced by
several parameters, such as temperature, solvation, dis-
sociation, complex—formation and permeability. Considering
only dissociation eguilibria the effective mobllity can be
evaluated using the degree of dissociation, o:

17



mg o= Lo om (1.4)

The degree of disscociation can be ¢alculated once the
equilibrium constants, Ko for the subspecies and the pH
of the solution are known. Neglecting activity effects it
follows:

+n +n

+] n
mE
n

o_ = 1+
n

n (CH)Y1

n
im K
n % {1.5)

13
(cH)

where 2, is the proton concentration and Kn is the proto-
ly=is constant for the nth subspecies,

For monovalent weakly ionic constituents this equation ¢an
be transformed to the well khnown Henderson-Hasselbalch25

relation

PH = pK + log (% -1 (L.4a)

where pK is the negative logarithm of the protolysis ¢on-
stant; the positive sign holds for cationic subspecies and
the negative sign for anionic sub-species.

In electrophoresis we are dealing with the migration
of electrically c¢harged species in a solvent. This means
that it is essentially a charge transport process and that
Ohm's law is valid. In electrophoresis this law is most
conveniently expressed in terms of electrical gurrent den-
sity, J, specific conductance, k, and electric field
strength, E:

J = kE (1.7)

The advantage of this modified law of oOhm2®

iz that the
electric field strength, an electrophoretic important pa-
rameter, can easily be converted into a more chemical one,
i.e. the specific conductange. In general, the electric
conductance of a solution is the summation of contribu—
tions from all charged subspecies present. In spite of the
fact that it is a non specific property, conductance gives
useful information of the charged species present in a

solution and the interactions with the solvent. The spe-

18



cific conductance is given by the individual subspecies

eoncentrations:
k=F LI Z m ezl (1.8)
i n n

where F is the Faraday constant and lz,] is the absolute
value of the subspecies valency.

The eguation of continuity states for the electrophoretic
prccesé that

2 . _ 8 3 _

ﬁcn— = (ﬁ Dl'l. Cn vn Cn) (1.9}
where £ and x are time and place cobrdinates, respectively
and I is the diffusion coefficient, Assuming the presence
of monovalent weakly ionic constituents egn. 1.9 can be
applied for each subspecies, Since the non-charged subspe=
¢leg do not centribute in the migrational term and if the
diffusion coefficient can be considered +to be independent
of the subspeciesz we obtain.

32

= =-pl=3

3
+ = Em, ¢, (1.10)
laxz i ax

L i

where my and e, are the mobility and the concentration of
the charged species 4. Naglecting diffusicnal dispersion

we ¢an apply egn. 1.10 for each constituent and the over-
all summation of the constituents gives

il - 8

3€ ; i 5w E I moey (1.11)
i i

In combination with the specific conductance and the modi=-
fied Ohm's law it follows that

] 5 = 3 =
T F @ = 0 or ? e, = congtant (1.12})
1 1
A function of the same conatraint can be derived from eqn.
1.10. Division by ", and application of the resulting

raelationship for each constituent and overall summation
gives

19



3 Ei 3
= L — =+ B I cC, {(1.13)
3t 1|y Bx i *
Flectroneutrality, however, demands L ey * 0, so
i
5 Ei c,
= L ===0 ox £ -1 = constant (1.14)
at om, . T,
i i i

Egn. 1.14 is well known as the Kohlrausch regulating func-
tion.

Both regulating functions can be used for the ¢caleulation
of local ceonstituent concentrations in electrophoresis.
The success of such an operation will largely dapend on
the complexity of the problem and the nature of the con-
stituents involved. Only in one particular case tha ragu-
lating funectiong will result in a direct sclution: i.e.
when an electrolyte soluticn of two constituents is dis-
placed by a soluticn of two other c¢onstituents. In all
@ther cages a further knowledge of the eticlogy of the
electrophoretic process is required.

The moving boundary equation

In an electreophoretic system different zones can be
present, in which a zone is defined as a homogenecus solu-—
tion demarcated by moving and/or stationary boundariasz7.
We can apply the continuity principle te a boundary, Fig.

1.1, and derive the general form of the moving boundary

equation23.
- = _ =R+ leK+l K+l K/K+1 =K _ =K+l
miciE m. ey E L= i (ci c; } (1.15)
KAK+1 .
where v represents the drift velocity of the separa=-

ting boundary between the zones K and K+,
In the case of a stationary boundary, the boundary veloci-
ty iz zero and eqn. 1.15 reduces to

=K+l =K+1 K

mi Ci E

% ¢K = oo = constant (1.16)
i i ’
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Fig., 1.1 A moving boundary.

From egqgn. 1.16 it follows directly that for monovalent
waak and strong electrolytes all ionic species are diluted
or ¢concentrated over the stationary boundary to the same
extent because
cil{+l
i
K

<,
1

= gonstant (1.17)

It should be noted that this phenomenon holds only when
the constituent mobilities are relatively insensitive to
temperature and cohncentration effects, which generally
holds for dilute sclutions over a limited temperature
range. The dilution or concentration ovex the stationary
boundary is directly related to the fact that the
Kohlrausch functions are logally invariable with time.
Hence a concentration boundary, with all constituents
present at each =zide of the boundary, will not be dis-
placed by electrophoresis.

A woving boundary will be present if at least one consti-
tuent disappears over the boundary. From Fiq..l.l it fol=-
lows that essentially two configurations are possible. If
the disappearing constituent is present in the zone X but
not in the zone K+1 the oriterion for boundary stability
is given by

> v, (1.18)

where vt is the constituent veloclty in the zone X and

K+
”j 1 is the constituent velocity if the constituent j

21



might turn on in the X+1 zone. A similar relation is found
if the disappearing constituent is present in the zZone £+1
but not in the zone X.

It should be emphasized that the boundary velecity need
not to be constant, but may vary as a function of time.
The sharpness and structure of the transition boundary is
dependent on the local values of the electric field
strength, the mobility of the constituents and of the dis=-
persive factors such as diffusion and uneven temperature
distributions, As long as an inhomogeneity in the eloactric
field exists any dispersion will be optimally levelled by
the selfsharpening effect, but always a finite transition

boundary will be present34'39.

Phe eriterion for separation

Az in all differential migration metheds, the erite-
rion for separation in electrophoresis depends simply on
the effect that two ionic constituents will separate when-
ever their migration rates in the mixed state are diffe-
rent. For two ¢onstituents £ and J, this means that their
effective mobllities in the mixed state must bhe different:

# 1 (1.19)

)

J

When the effective mobility of i is higher than that of J
the latter constituent will lagg behind the former, Conse-
quently, two monovalent weakly anionic constituents will
fail to separate when the pH of the mixed atate, pHM, i=
given by

m.K
1] =
m, K
pHMO = pK. + log (—————i—i) {(1.20)
J .
-
g

where Ki and Kj are the protolysis constants for the sub-
species of the constituents ¢ and j and pk is the negative
logarithm of the protolyszis constant,



Ky all pHM

D Ky¢ k& pHM y peMP
0
'MMJD K ¢k pHM ¢ pH

Fig. 1.8 Possible migration configurations for aniontc
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When the more mobile constituent has the larger protolysis
constant the migration configuration will be independent
of pH. If the more mobile c¢onstituent hag the smaller pro-
tolysis constant the migration configuration is a function
of pH, as can be seen from Fig. 1.2.

For two monevalent weakly cationic¢ constituents the criti-
zal pH is given by

K.m.
1 — 1
0 K.mi
pH O = PRy - log | m—1= (1.21)
1 -
By

It should be recognized that the ¢riterion for separation
gives only an academic answeY o the gquestion of whether
constituents ¢an be separated or not. Dealing with actual
separabllity other parameters, such as time for resolution,
resclution and lead capacity, can be of decisive impor-
tance. Moreover, dealing with separability in its limiting
case, i.e. ﬁi/ﬁj+1, digpersive factors become important
and should be incorporated into the equation of continuity
and its resulting relationships. Dispersion may have
several causes, e.g. temperature distributions, hydrodyna-
mic flow and density gradients, and they may exceed daif-
fusional dispersion largely. This overall dispersion isg
closely related to the chosen operating conditions and the
design of the equipment. Allowance can be made for such
dispersive factors but the rasulting uncertainty in the
¢criterion for separation would cause this to remain aca-

28. The merit of the criterion for separation is that

demic
it gives the experimental conditions that should not be

used if separation is pursued,
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1.2. ELECTROPHORETIC PRINCIFLES

In 19209 [\4:I.<:h.5.elj.s'5 suggested that the migration of
colloidal particles in an electric field should be called
clectrophoresis. The discrimination bhetween the migration
of ¢olleidal particles and ions was reemphasized by Martin
and Synge29 degignating the latter effect with the name
ionophoresis. Though there may exist a difference, at
least in the guantitative description of the two effects,
they do neot differ gualitatively. Noting that electric
field induced migration in solution is applicable to ions,
cells, biopolymers irrespective their size as well as ¢ol-
loids, its iz obvious that the discrimination bhetween
electrophoresis and ionophoresis offers no real advantage.
A% a result the name electrophoresis nowadavs i1s generally
accaptead.

TABLE 1.1
THE ELECTROPHORETIC CABOODLE

Agarophoresis Ion foousing
Cataphoresis Tonophoresis
Cons alaectrophoresis Isoelectric foousing

Continuous flow electrophoresis Igotachophoresis
Density gradient electrophoresis Moving boundary electrophoresis

Deyiation electrophoresis Multi phasic zone electrophoresis
Dielectrophorasis Omegaphoresis

Disc electrophoresis Paper electrophoresis
Displacement electrophoresis Paper ioncgraphy
Electrochromatograptny Preparative electrophoresis
Electrorheophoresis Pore gradient electrophoresis
Endless beld electrophoresis Micro electrophoresis

Gel electrophoresis Transphoresis

High voltage electrophoresis Zone electrophoresis

Dovaumne electrochoresis Slab gel electruphoresis

During its historical development numerocus electrophoretic
principles, methods and techniques have been developed.
From Table 1.1, where a selection is given, it follows
that this has resulted in a babylonian confusicon. There
are, however, several criteria that can be chosen to clas-

sify the various electrophoretic method528’30

, but only
one allows a systematic and simple ¢lassification, IYn his
Nobel lecture Tiselius3l polnted out that in chromatogra-

phy basically three differentlal migration modes can he
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distinguished: zonal, frontal and displacement. Surpri-
singly, however, Tiselius preferred to distinguish in
electrophoresis only between boundary and zonal separa-

32’33. Martin and Everaertsls'34,

noting the analegy
between electrophoresis and chromatography used again the
differential migration criterion and distinguished three

main principles.

Zone electrophorasis: wigh can be compared with the elu-
tion principle in chrematography.

Moving boundary elecktrophopesis: as the analogon of chro-
matographic frontal analysis.

Isotaohophoresiss the electrophoretic displacement prin-
ciple.

These three main principles suffice to describe every mi-
gration cenfiguration but need the addition of Iscelec-
trie foeusing.

@ O 2 0 2 @ & O

AL e =]
l o
=]
A
A
PTH
® 8 ® ® " @ ® =6 ® 96
zono moving Boundary SoTEchophoreing isoalectric
SlecTropherasio alectrophorasia . oS using

Fig. 1.3 The electrophoratic prineiples.

Combinations of these principles with one another <an
be made, e.g. disc electrophoresislo iz a combination of
igsotachophoresis and zone electrophoresis. Moreover, addi-
tional force fields, multiple dimensions, additional sepa-
ration mechanisms and methods of detection can be used.

Zone eleaatrophoresia
In zone electrophioresis the separands are allowed to
migrate in spatially separated zones. Such a separaticn
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configuration, Fig. 1.3a, is most conveniently cobtained by
filling all the compartments of the eguipment with one kind
of clectrolyte, the so-called carrier electrolyte, The
sample containing the separands, is introduced as a small
discrete band in the carrier electrolyte, Fig. 1.3a. Ap=~
plying a voltage all constituents will migrate with their
own velocity depending on the local experimental conditi-
tions, such as pH, conductance and driving currant. After
an appropriate time of analysis the various separands will
migrate in different zones, spatially separated by the
carrier electrolyte. Each separand zone migrates with its
own velocity in a superimposed configuration with the car-
rier electrolyte. Zone electrophoresis can be performed on
anticonvective media, such as paper, cellulose acetate,
thin layers of silica or sephadex and in gels of starch,
agar and polyacrylamide. Special chromatographic effects
¢an be introduced through the use of icn exchange or pore
gradient media. This principle of electrophoresis is com-
parable with the elution techniques in chomatography and

probably the most popular technique in use35'36.

Moving boundary electrophoresis

If moving boundary electrophoresis is considered as
the analogon of frontal analysis the méthod should
be depicted as shown in Fig. 1.3b. One part of the elec-
trophoretic equipment is filled with the sample. In order
to garantee a constant sample feed, the sample compartment
should be large. The other part of the electrophoretic
equipment is filled with a so-galled leading electrolyte,
consisting of a leading constituent, which has the sanme
sign of charge as the separands, and a counter constituent
to preserve electroneutrality. The effective mobility of
the leadinyg constituent should be higher than that ¢f the
separands and the polarity of the electric field should be
chosen in such a way that the separands migrate towards
the leading electrolyte. Applying a voltage the moving
boundary separation process beging, characterized by the
saparation of the most meobile separand and mixed wmones for
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all other separands. Depending on the sample compositicon
and the characteristics of the leading electrolyte, the

zone boundaries can be very shar926'34'37.

As an analyti-
¢al method moving boundary electrophoresis has only limi-
ted value, but it should be emphasized that the moving
boundary principle is opeérative in almost every electro—
phoretic separation process in its initial phase, A clas-
sical example of this is given by the Tiselius boundary
electrophoresis, which is in fact zone electrophoresis in
its early stage, when the 2ones are not yet fully separa-
ted.

Isotachophoresis

Moving boundary electrophoresic fajils as an analyti-
cal technigue since ne complete separation can be obtained,
due to the fact that the amount of sample is unlimited, Ag
& result the rationale for achievement of complete separa—
tion is straightforward: limitation of the amount of sam-
ple.

In isctachophoresis this 1s realized by displacement of a
limited amount of the separands by a suitable constituent,
the terminator, Fig. l.3c. In order to obtain an isotacho=
phoretic configuration some stringent reguirements have to
be met>®. These comprige the application of a discrete
amount of sample at the interface of two different elec-
trolytes: the leading electrolyte ‘and the terminating
electrolyte. In its most simple configuration, both the
leading electrolyte and the terminating elegtrolyte con-
tain only one ionic constituent of the same charge sign asg
the separands and a counter constituent to preserve elec-—
troneutrality., The effective mobility of the leading con-
stituent should be higher thap that of any of the sepa-
rands. The terminating constituent rmust have an effective
mobility smaller than that of any ¢f the separands. The
elegtrie field is applied in such a way that the direction
of separand migration is towards the leading electrolyte,
Applying the electric field a moving boundary séparation
process will begin and after sufficient time of migration
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the separands will be completely separated. All separands
will then be arranged in contiguous zones, generally in
order of their mobilities. Provided that the cuxrent den-
sity is constant all zones will migrate at equal and con-
stant velocity without further changes. The velocity of
each separand zone is equal to the velocity ¢f the leading
electrolyte zone and as a result the electric field
strength in each zone is inversely proportional to the
effective separand mobility. Since mobilities are consti-
tuent dependent guantities, measurement of the electric
field strength, ©or its related parameters, can be used for
identification purposes. According to the Kohlrausch regu-—
lating function concept and the moving boundary phencmenocn,
the concentration within each zone is strictly regulated
and the zone boundaries have self-sharpening capabllities

34'39. Within a zone the

against convective disturbances
separand concentration is constant and measurement of zone
length therefore provides gquantitative information.

Though the principle of isotachophoresis had been known
for many years40"46, it took until the late sixties befora
the basic instxumental reguirements for isotachophoresis

were developed by Everaert534.

Isoelactria fosusing

In iscelectric foousing the migration behavicur of
amphelytic molecules in a pH gradient i3 used to obtain
their condensation in narrow zones that are stationary in
an electric field. Depending on the pH of the solution
ampholytic substances, such as proteins, ¢an be positively
and/or negatively c¢harged. Hence an amphelyte in solution
may electrophoretically migrate as a catlonic or an an-
ionig¢ gonstituent or it may not migrate at all. In the
latter configuration the ampholyte is called iscelectric.
The pH valuye, at which this iscelectric state occurs is
called the isoelectric point, pt. Generally the pI valus
¢oingides or is nearly equal to the isoprotic point, at
which the molecule carries ne net electric charge. Since

many ampholytes have different pI values, isoelectric
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focusing can be used as a separation principle. A basic
requirement for this is the availability of a stable pH-
gradient. By expeosing a mixture of ampholytic gubsgtances
with different pl values to an electric gradient in a con-
vection free medium a natural pH gradient is formed by the
electric transport process iftself. The most acidic ampho-
lyte, with the lowest pl, will condense in the most anedi-
cally position and the most basic ampholyte, with the
highest pl, will condense in the most catheodic position.
Ampholytes with intermediate pf values will condense in
intermediate positions. A mixture of proteins can be super-
imposed in the pH gradient and the various proteins will
migrate towards their respective pl values. During this
migration process their eslectrophoretic velocity gradually
degreases. As a result the time for reaching the condensed
state will be rather long. Moreover, the decrease in elec-
trophoretic velocity also implies a decrease 1n electric
conductance, and as a result local temperature regimes may
oagur, that sometimes can be deleterious for proteins.
Since its introduction in bicchemistry isoelectric focu-
ging has become very popular. The main field of applica-
tion is the separation of proteins. The resclved proteins
can be identified through their pi wvalue. Detection by
means of a staining procedure is the most commonly used
maethod. UV-absorption, autoradiography and zymogram me-—
thods are other possibilities for detectien.
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CHARPTER 2

Zone electrophoresis

Non symmetpical eoncentration
distributions in sone eleectro-
phovesiz are inhevent to the
separation principle. {he mo-
bility of the separand rela-
tive to that of the earrisr
constituent determines whether
the concentration distribution
ig leading or tailing. Only at
very low sample loads an inde-
pendent retenticon behaviour

can amigt.

2,0, INTRODRDUCTION

Zone electrophoresis is the commonest and most widely
applied electropheretic principle. Numerous zone electropho-—
retic techniques and procedures have been gdeveloped, main-
ly on an empirical basis.

Being a zonal separation principle, zone electrophoresis
allows a separand to form a zone, separated from other
zones by separand free regiens. When in zone electrophore-
siz longitudinal diffusion is the only mechanism of band
spreading and migration occcurs at a constant velocity,
Gaugsian concentration distributions are obtainedl'z.
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The actual broadening, however, may exceed the diffusiconal
broadening due to convection, electrodiffusion, electro-
osmesis and reversible adsorption. Sugh non-idealities
have been discussed in detail by Wieme3 and Boyvack and
Giddings4 and are collectively responsible for what has
been called "electropheoretic dispersien". They <an be
dealt with by using a pseudo-diffusion ceefficient, that
combines the adverse effects of this additional spreading3.

In zone electrophoresis, however, freguently non-sym-
metrical concentration distributicns are obtained. When
adsorption processes gan ogeur, non lingar adsorption iso-
therms can explain the asymm@tryS_g. The effect of an in-
homogeneity of the electric field on the zone profile
has been discussed by several warkerslo_ls. This phenome-
non is closely related to the fact that in electrophoresis
one freguently enceounters "boundary anomalies", i.e, sta-
tionary or moving boundaries, in which the migration velo-
city is a function of concentrationle-lg. It 15 generally
assumed that in view of electrophoretic performance these
"boundary anomalies" have to be avoided. This seems to be
the result of the chromatographic tenet that any effect
which improves the definition of the one boundary invaria-
bly causes deterioration of the cther boundary. Thus, in
chromatographic zonal separations generally the best reso-—
lution is obtained when these effects are absent and the
zone boundaries are symmetrical.

Although there is a close analegy between chromato—
graphic and electrophoretic separation principles, gsome
important methodological differences exist. Probably the
most profound difference is that in electrophoresis Ohm'a
law must hold and that the resulting Kohlrausch relations
16-21 govern the electrophoretic process. Any g¢hanging of
concentrations during an elesctrophoretic process are ruled
by thesge relationships. As a result, on the cne hand the
cecurrence of "boundary anomalies" can be used in a favou-
rahle way, while on the other hand problems in retention

hehaviour arise.
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2.1. GENERAL EQUATIONS

In all elegtrophoretic separation technigques changes
of eleqgtrolyte constituent concentrations will occur owing
to the action of an externally applied electrie field. In
zone electrophoresis a discrete sample zone iz eluted by
the so=galled carrier electrolyte. Although gradient con-
figuraticens (dimensicnal, thermal or electrolytic) are
possible, we shall assume a separation compartment of
uniforn dimensions, cperated at a constant temperature and
f£filled with a homogeneous carrier electrolyte. This elec-
trolyte basically consists of a carrier constituent 4,
which has the same sign of electrical charge as the sepa—
rand{g) J, and a counter constituent B, to preserve elec-
troneutrality.

A small-volume element of the separation compartment,
Fig. 2.1, that originally‘was filled with the carrier
elegtrolyte AR, will contain after an appropriate time of
analyzis a nixture of the carrier gonstituent and one or
even mere separands.

Carrier Separand
zane Fone
Zone indicator — - — — - - - s
Carrier constituernt- - - - - - A
caoncentration — — I EE
mability— - — — - - - anﬁ
&
Electric field strength - - - - EES
ol
Counter congtituent — — — — 5 =)
o
5
Separand— — - — — — — — - Ed :
concantration— — — - Eagg
. F
mebility - — - — - - - BT
S
KUHLF-IALIECHJ

Fig. 2.1 A4 #sone aleatrophoretia configuraticon.

After a even longery time, the sample will have left the
volume-element and the original situation will be resto—
red again. Assuming the presence of only monovalent weak
ionic constituents, twe important Koklrawsch functions can

be derived, Part 1 ¢hapter 1:
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fo!

F ci =y and r
i i

; =y (2.1)

1

H

where Ei represents the molar concentration of the consti-
tuent I and ¥ is its ionic mobility relative to an appro-
priate reference constituent. Obviously the carrier consti-
tuent offers the best reference mobility. It should be
noted that bhoth the concentrations and the mobilities can
most conveniently be taken as signed quantities and that
the swoation should be applied to all constituents, in-—
cluding the ceommon counter constituent. The use of rela-—
tive mobilities will reduce the influence of temperature
and activity effects.

The nunerical values of the Xohlrawusch functions, “y
and Wy, are locally invariable with time. Thus, taking the
carrier electrolyte as a frame of reference, it follows
for the configurations of Fig. 2.1

=C _ =5 =5
Ty X, t) = e (x,r) o+ § kjcj(x,t) (2.2)

where

The summation indicates that within the volume-element se-
veral separands J can be present. If a constant electric
driving current and the presence of only strong ionic con-
stituents is assumed, it follows for the specific electri-
cal conductance €, that

Sl = kC o+ £ BaeSx,t) (2.3)
3 J 31
where
b, = Fm (r, = r (1l = i—)
i A'T] B T

J

F iz the Faraday constant, ", iz the ionic mobility of the
o

carrier constituent and c;(m,t) i= the total concentration

of the separand J.
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Applying Ohm's law, we obtain for the electric field
strength E:

o
2% (x,0) = 2 (2.0)
1 - 5 a.ei(x,t)
5 373

where

k.
aj = ;% (1 - rj]
A
when only separand ig present in the volume~element, an
important conclusion can be drawn from eqns., 2.2 and 2.4,
The electric field strength in the separand zone will all-
ways ba smaller than that in the c¢arrier electrelyte, when
the separand has a mobility higher than that of the car-
rier constituent, i.e. when rj » 1. For other mobility con-

figurations analogous conclusicns can be drawn:

o> 1 E°(x,t) < EC
£, =1 &% (x,t) = S
ry <1 E° (x,t) » EC

The inhomogenelty of the electris field strength will in-

fluaence the concentration distributicns of all ionic con-

stituents, The eguation of continuity states for the elec-
trophoretic process

2 _ A,
E cj (xlt) ™ ax—(D.

9
5 % cj(x,t) - Vj(X,t)cj(x,t))(2-6)

where Dj iz the diffusion coefficient and vj is the elesc-
trophoretic drift velocity of the constituent J. Assuming
a constant velocity, Gaussian concentraticon distributicns
are obtained, in which a symmetrical broadening of the se-
parand zone oQouks due to diffusion. The distribution <an
be described by

e, (0,0) c_x:_vjiz)

e _
cj(x,t) exp( T o

(2.7
/41D L
3
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In electrophoresis, however, one freguently encoun-—
ters "boundary anomalies", in which the migration rate is
a function of concentration. Virtanenlo indiecated that the
elegtrophoretic velogity is not constant and gave an ana-
lytical golutlon of the equation of continuity, assuming
that the drift velogity is lipearly related to the =sepa-
rand ¢ongentration. According to egn. 2.4 thisz can only be
approximate. The eqguations describing this effeqt are non-
Lingar and the degcxiption ©f neon—linear mligration in
which diffusional dispersicn occurs is labourscome. The
gffect of "boundary anomalies"™, however, can easily be
deduced if one assumes that diffugiopal digpersion can be
neglected. Egn. 2.6 then reduces to

2 = - Ll
Fra cj(x,t) = iy vj(x,t)cj(x,t) (2.8)

If the presenge of only one strong ionic separand J is as-
sumed, combination of egns. 2.4 and 2.6 glves

=)

e (x,E)
3 .8 C o3 4
= oW (x,t) = - m r.BE” -— (2.9)
at T3 A3 bx 1 - ajcg(x,t)

Intreducing ywlw, ) = 1 - ajeﬁfx,t) this differential egqua-

tion can easily be solved to give

Pix,£) = (ax + 8)°% (£ + ) ¥ (2.10)

The constants o, 8 and y are determined by the actual boun-
dary conditions.

2.2. CONCENTRATION DISTRIBUTIONS

During the migration process, several discontinuities
can oceur that are restricted both in place and time. A
complete mathematical treatment of all possible configura—
tions has been given elswherezl. After an appropriate time
of migration the concentration distributiens have a charac-
teristie form. Fig. 2.2 gives the distributions for three
possible cases of the separand mobilities.
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Fig., 2.2 Concentration digstributione in zome glectrophore-
atlz g a function of the rvelattve aseparand mobility.
wsaupling compartment, @ separation gompariment,

When the separand has a higher mobility than that of
the carrier constituent, rj » 1, the leading side of the
separand zone will be diffuse, whereas the rear will Le
sharp. This is caused by the fact that at the rear a sta-
ble moving boundary can be formed, whereas at the leading
side the ¢riterion for stability cannot bhe met, Although
gseveral time restrictions can occur during the initial
phase of the migration processzl, tha final concentration
distribution will he given by

ci(X.t) = ;— (1= :max—_ijl.c’) {(2.11)

J o
whera AZO iz the initial width of the sample pulse and
L is the maximal dlstance that the separand has migra-
ted in the given time interval, It follows that this maxi-
mal distance is given by

- -G
Hmxe = mArJE o+ Alo (2.12)

It should bhe noted that £or this mobility configuration
the maximal distance is linesarly related with time, where—

as the minimal distance that the separand has migrated,
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% int is a rather complex fungticon of all parameters in-

volved. For the zone-width &8(¢J) it can be derived that

_ - - _ o _ C ow
L A T ajil ¢y + 2 V/ myz B ta AL o

(2.13)

whare 05* is the concentration of the sepaxand in the ori-
ginal sample, Figure 2.3 shows the electrophoretic deve-
lopment as a function of time, From the goncentration dis-—
tribution after one sec it can be zeen that the separand
concentrates over the boundary between the sampling and
the separation compartment, After five sec of migration
the zone still contalns a homogeneous part, but the

=0 aac
oo01-
“Blg
i 1£=1 t=5 t=108sac
: t =20 src
a.01- ! f
i .
cdlM] !
i
i
1
!
L]
2 4 g e 10

®x [rm) —————— -
Fiy. 2.3 Development of a moene electrophoretic procesa for
a v, * 1 eonfiguration. 2 18 the eoncentration of the sa-
parand, x is the migration ccordinate (mm). t is the migra-

tion time (saa).

"diffuse" region is already clearly vicible, After 10 sec
the homogeneous part has just disappeared and complete
elution starts, From this moment on the ¢oncentration dis-
tribution according to the edqn, 2,11 is present, It should
be emphagized that the boundary veloclty during the first
ten ge¢ 15 ceonstant. The moment that true elution starxts,
the velocity of the moving boundary will gradually
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increase untill it has reached the maximal migration velo-
eity », .. Duxing this increase the sharpness of the boun-
dary decreases,

When the mobility of the separand is equal to the no-
bility of the carrier constituent, r; = I, the sample con-
stituent is only diluted or concentrated over the statio-
nary boundary between the sampling and the separation c<om-
partment. If the sample again has been introduced as a
block pulse, the concentration distribution will be given

by

=A g (2.14)

where cﬁ/eg* iz the dilution factor over the stationary
boundary between the sampling and the separation compart-
ment. It follows that the concentratian of the separand is
independent of time and that the maximal distance that the
separand has migrated is given by egn. 2.12. Moreover, it
must be concluded that, after an initial elongation or
shortening, the gone width § is independent of time
"
5 = i AL (2.15)
C o

a

When the separand hazs a smaller mobility than that of
the garyxier constituent, r.o% 1, the leading zide of the
separand gzone will be sharp, whereas the rear will be dif-
fuse. The final concentration distribution will ke given

by

1 x + Al (c /c -
oS (x,t) = — %1 - [ in (2.186)
J X + AL (a /c -1}

For the zone width §(¢) it follows that

5(e) = ajcs Al + 2 J% r B¢ ra_al cs (2.17)

J J

The minimal migrated distance, m , is given by

min
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min  CA"J o

[ N
2. 1$ {2.18)

2.3. ELECTRIC FIELD STRENGTH FPROFILES

Electric field strength profiles and concentration
distributions have different forms and there is a distinct
difference betweén time-based and distance-based distribu-
tions. According to edqn, 2.4 the electric field strength
readily can be caloglated once the local constituent con-
centrations are known. Distance-based electric field
strength profiles can be obtained by substitution of the
appropriate concentration distribution in egn. 2.4. When a
fixed peint electric gradient detecticn system is usead,
time-based distributions will be measured and it can easi-
ly be shown that for a r; # 1 conflguration it must hold
that

5
B Cfgeer® asr
= = T (2.19)
E
where £° and EU ave the electric field gtrengths in the

separand zone and in the carrier electrolyte respectively

and =z is the distance at which the eleectric gradient

7 det B
given by the time interval at which the first separand ion

det

detector is located. For a », » 1 configuration %

reaches the point of detection. For », < I configurations,

J ‘
however, T is given by the time interval at which the
last separand ion reaches the point of detection. The mo-
7 > 1, or the

< 1, reaches the point of detectien,

ment at which the last separand ion, for »

first separand ion, T,

i.e. tstop' is related to the sampled amount, since
tstop 3
ng =0 { cj(xdet,t)dt (2,20)
det

where g is the sampled amount of the separand J and 0 is
the cross-sectional area of the separation compartment.
So to describe the generated distribution function requi=.:
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res only the knewledge of L from either theoretical
calculations or experimental observations., The sampled
amount should bhe ﬁsed to know the time interval during
which the generated distribution function is applicable.
Combining the egns. 2.19 and 2,20 a very useful relation
for guantitative determinations is found

3
t
0 2 stop 1
n. = — (t -3 -=t ) (2.21)
J ay stop 3 taat 3 "det

S50 for guantitative measurements it 1= not necessary to
measure the exact form of the distribution, since the mea-—

surement of hoth ¢ and tde will suffice.

stop t

e

INER

Fig. 8.4 Electric ficld stvengith profiles as a funation of
the gampled amount. E = electric field stwvength, t = migra-
tion time, ny = sagmplad amount,

Aceording Lo egn. 2.12, tdet for & oy » 1 configuration is
independent of the sampled amount and is constant for a

given geparand and carrier eleétrolyte. For a Ty < 1 confi~
and ¢ are a function of the

det gtop
sampled amount. As can be seen from Fig, 2,4, not only the

guration haowever bhoth ¢

shape of the distribution but alse its position is influen—
ced by the sample load. Whereas it is possible to define a
retention time for the ry » 1 configuration, i,e. tdet’
this is not possible for the Ty < 1 configuration., As men-—
ticned already a r, = I configuration will result in a con-
stant elegtric field strength.
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2.4. RETENTION BEHAVIQUR

The separation of multicompeonent samples will develop
in a complicated manner, since the concentration distribu-
tions and the migration velocities of almost each separand
is influenced by the physico-chemical characteristics and
concentrations of all constituents present. The effect of
mutual interactions in electrophoretic separation techni-
ques L5 more pronounced than in chromatographic separation
techniques. This adverse effect cof Chm's law can be sup—
pressed only by the application ¢f very small amounts of
gample. The complexity is further imcreased as generally
waak electrolytes will be applied.

It has been shown that, in Lsotachophoresis and
moving boundary electrophcresiazz, the ratio ©f geparand
mobilities inm the mixed state is important when separabi-
lity and current efficiency are considered. The same
holds for zone electrophoresis and generally the same op-
timization rationales can be followed. In anioniq¢ separa-
tions a low pH of the carrxier electrolyte is preferable,
whereas for cationic separations a high pH will give the
better results. The current efficiency in zone electro-
phoresis, however, will be low in comparison with that in
isotachophoresis owing to the continuous transport of car-
rier electrolyte.

In zone electrophoresis the zone c¢haracteristics will
be determined by the carrier electrolyte and the separands,
Using a fixed-point detection system, the time-interval
that a separand needs to reach the detector, i.e. the re-
tention behaviour, is strongly affected by the proper
choice of operational conditicons. Considering retention
behaviour it can be c¢oncluded that the difference in the
geparand mobilities is important., In experimental practice,
a compromise between current efficiency and retention
behaviour has to be found. Obviously, pH and complex for-
mation have a great influence on the retention bhehaviour.
Assuming & well buffered electrolyte system and the appli-
cation of a small awount of sample, pH deviations and in-

homogeneities in the electric field can be neglected.
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For the retention time ¢, it follows that

R
tr = to/Tg
where ;J is the effective mobility of the separand relati-
ve to that of the carrier constituent and ¢, is the reten-

0
tion time of the carrier constituent. Effective mobilities

are strongly influenced by pH and the dissociation con-
stants. Fig. 2.5 shows the relative retention as a func-
tion of the relative ionic mobility of the separand. The
difference between the pKa value of the separand and the
pH of the carrier electrolyte has been used as a parameter.

Fig. 2.5 The relative retention as a function of the rela-
tive tonie mobility of the separand. The difference be-
tween the pKa of the separand and the pH of the carrier
electrolyte has been used as a parameter.

The carrier constituent has been.chosen for its optimal
buffering capacity, i.e. pHC = pKC. A separand with a rela-
tive ionic mobility of 2 and a low pK value compared with
the pH of the carrier electrolyte will have an inverse re-
lative retention, to/tR, of 4. This means that the sample
constituent will migrate at a higher wvelocity than the car-
rier constituent. A separand with a relative ionic mobili-
ty of 0.5, i.e. l/rJ = 2, has an inverse relative retention
of unity. Obviously this separand cannot be detected by
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measurement of the electric gradient.

2.5, THE INFLUENCE OF DIFFUSION

In the given approach, diffusional effects were pur—
pasely neglected in order to emphasize the important in-
fluence of the electrophoretic process on the concentra-
tion distributions. In this way the asymmetry, that fre-
quently occurs in zone electrophoresis can easily be ex-
plained as the result of the electrophoretic process. In
experimental practice, howaver, the diffusional effect
cannot be neglected and for the calculation of concentra-
tion distributions the diffusional effect should he incor-
porated in the equatien of ¢ontinuity. The importance of
diffusional and migrational dispersion, however, can be
evaluated rather easily. Using the appropriate relatlon-
ships,the egng. 2.13 and 2.17 can be written in a somewhat
more practical form:

cg* I
(L) = ""a'— Alof(r) + 2 —'a— Alof(r)VJt (2.22)
°a °A o

where f(r) is a function of the ionic mobilities and v is
the migration velecity of the separand in the carrier eleco-
trolyte. Beth f(w) and ALO w11l commonly show only a limi=-
ted degree ¢f freedom and hoth should be minimized. Neglec=
ting the initial discontinuities, band-spreading dus to
diffusion and to electropheoretic migration is of the same
order of magnitude when
"
DJ 0.1 - £(z) Alcv

“a

I (2.23)

5 cmz/sec at a

Taking a diffusion coefficient, D, of 10”0
migration rate of 1 mm/sec and an initial  band width of

1 mm, diffusion and electrophoretic miqréticn will have a
comparable adverse effect at a congentration ratio ai*/cz
of 1072, pelow this value hand spreading is due mainly to

diffusion and above this wvalue electropheoretic migration
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will mainly contxibute. Assuming that the zone electro-
separations are carried out in & capillary system with an
inner diameter of 0.2 mm and using a carrier electrolyte

at a concentration of 10 mM, the migrational effect will

be appreciable when more then 3 x 1()_12 mele of the sepa-
rand is injected. Cbvicusly the detection of such a low
amount will put very high demands on the detection systems.
Generally a higher sample lcad will be used and conseguent-
ly the migrational effect will dominate,

Qther forms of dispersion, through which the effecti-
ve diffusion coefficient may exceed the thermal one, will
obgeure the migrational dispersion and should be minimized.
It zhould be noted,however,that the occurence of "houndary
anomalies" counteracts the influence of non migrational
dispersion, This has been shown to be especially true for

isotachophoresis24

, but holds also for zone electrophore-
sis, although to a minor extent. The selfrestoring capabi-
lities, a direect result of the "boundary anomalies", are
decreasing when A approaches the critical value of unity.
This configuration will be particularly sensitive for non-
migrational dispersicn.

The adverse effect of a relatively large sampling
width, AZO, ¢an be counteracted by the concentrating capa-—
bilities of the eleg¢trolyte gystem. Choosing the gondition

g% & 8% g% the

a; << e, and a high sampling ratio, i.e. ey o, .
separand will be concentrated over the statienary boundary
hetween the sampling and the separation compartment. This
concentrating effect is the result of the fact that in
electrophoresis the Kohlrausch regulating function concept
cannot be overruled by the electrophoretic process (Part 1
Chapter 1). It seems that this foxms the most profound
difference between chromatographic an electrophoretic se-
paration principles. In experimental practice this means
that, in order to take full advantage of the concentrating
capabilities, the sample should not be eguilibrated with
the carrier electrolyte,
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CHAPTER 3

lsotachophoresis

A model for the separation
process of tegotachophoresis
is given. The influence of
operattanal parameters on bthe
separation progegs ig deseriw
bad in terms of time for »re-
solution, load capacity and
current ¢fficiency. Optimiza-
tion favoured by a high dri-
ving ouvrrvent, a Low mebility
of the counter gonstituent
and a low pH for anionig se-
parations, whereas for catio-
nie geparations a high pl
wtil be Favourabla.

3,0, INTRODUCTICN

In isotachophoreszis a steady state ¢omfiguration is
obtained as the resultc of a separation process that pro-
ceeds according to the moving houndarxy principlel. Though
this has been recognized for many years mest attention has
been paid to the development of theoretical medelz that
describe the steady state of isotachopheoresis. These theo-
retical approaches have resulted in different computer
programs, that have shown to be in good agreement with one

another and with experimental data™>, Though the steady
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state, representing the pursued target, is important, ag-
diticnial features are decisive dealing with the practical
applicability of a used isotachophoretic procedure. Meost
of these features are related to the separation process.
Although the separation process is a transient state, it
is governed by the same regulating function concept as the
steady state. A quantitative desceription of the transient
state provides information on the time needed for an izo-
tachophoretic separation, Morxreover, such a description
requires the definition of resoluticn and separability in
isctachophoresis and shows the results that can be expec-—
ted from optimizaticn procedures,

In the transient state model we will neglect several
secondary effects, such as temperature distributicn and
activity effects. Although these effects are not always
marginal, they will generally not have a drastic impact on
the transient state model and its resulting guidances for
optimization. With regard to uneven temperature distribu-—
tions, either longitudinal or transversale, it should be
emphasized that their effect will be deleterious only un-—
der extreme operating ¢onditions. Working at moderate cur-
rent densities, without excessive cooling, convectiﬁe dis-
turbances are negligible and temperature differances can
be well cantrolled7. In special cases, temperature effects
can have a favourable influence on separation, but szo far
temperature programming has not been studied in isotacho-—
phoresis,

The transient state model and its resulting implica-
tions will be developed £or a gample containing two mono-—
valent weakly ioni¢ geparands. The relative simplicity of
such a model allows a fundamental understanding of the iso-
tachophoretic separation process and provides a realistic
view ¢On what results can be expected from coptimization pro-
ceduyes, It is obvious that the model can be extended to
multivalent weak electrolytes. The efficiency of such con-
siderations, however, will be poor as no other guidances
will be found. Concerning multi-component samples it
should be emphasized that the mathematical intricacy in-
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¢reases very rapidly with increase in the number of sepa-
rands. For strong electrolytes extension of the model is
not diffigult but is laborious and monastic for practical

purp05@53'8’14_16

. The major advantage of relatively sim-
ple model is that it clearly indicates the importance of

physico-chemical, operational and instrumental parameters,

3.1. THE SEPARATION PROCESS

Although essentially immaterial, we shall consider a
separation compartment of uniform dimensions operated at a
constant electric driving current and a constant tempera-
ture. We shall deal with the case where zll constituents
inveolved are monovalent weak electrolytes. The development
of the separation process is shown in Fig. 3.1. In the ini-
tial situation, t&‘ the sampling compartment has been

‘; : &% yL = T
. , NN/} -

: - W/M/‘V é
3 ; f A -
tg Ter-m:mﬂt ng  comstituant &Q&\ //,c;///

Eas f sampling ¥ | separation compartment
Compartrnent

¥det * *res

Fig. $.1 The separation progedss.

filled with 2 homogeneous mixture of the two separands 4
and 5. The separation compartment contains the leading
constituent I and the terminating compartment is filled
with the terminating constituent T. A counter ¢onstituent
¢, to preserve electroneutrality, is common to both the
sample ¢onstituents, the leading and the terminating con-—

stituents. Electrolyte changes in the electrode compark-
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ments, temperature effects and activity effects are ne-
glected, Each compartment has its own regulating function,
due to the initial composition of the electrolytes. Star—

ting from #, the separation of the sample will ocour ac-

cdording to ghe moving boundazry principle. All zZone gharac-
teristics are, as long as they exist, constant with time.
At different times several moving boundaries can be pre-
sent: A/L, AB/4, B/AB, B/4, T/B, E*/AB*, T*/B*. Boundary
velocities are given by local conditions., The sampling
compartment causes the stationary boundaries: AB*/AB, B*/B,
VLI AT A U
compartment and from this time on the total zone length of

the sample ig leaving the sampling

the sample zone is constant, The pfoperties of the mixed
zone in the separation compartment will be in agreement

with the local regulating function-.and the nature of the
sample. At ¢, resolution is obtaiﬁed and from this moment
on the individuwal zone lengths will be constant. Resolu=-

tion was ocbhtained at ﬁrea with a resolution length of =z
Using a fixed point detector, detection could have been

started at &

reg”

dat with the detection system located at x4

It should be emphasized that within the separator three

at’

different regions are present and each has its own regula-
ting behaviour. The regulating functions, egqns. 1.12 and
1.14, are the mathematical expression of this regulating
behaviour and locally they cannoti be overruled by the elso-
trophoretic processg. All <¢hanges in electrophoretic para-
meters, @.g. concentration, pH and conductance, will be in
agreement with the local regulat;ng function,

Applying eqn. 1.17 it fellows that for menevalent weak and
strong separands all ionic subspecies are diluted or con-
centrated to the same extent over; the stationary boundary
between the separation and the sampling compartment

L
MM |
$ = = = —y — constant (3.1)
“a  “a

where the asterisk marks the mixed zone properties in the

sampling compartment. Hence the sampling ratio ¢ for the
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charged sub-spegies is invariable. Taking the leading
electrolyte as a frame of reference, the regulating func-
tions will result in

=L, , =L _ =M | =M ,_ =M
en t Gq = Gy t ooy + e (3.2)
and
oy 8L o & af
T, e, T T (3.3)
L [ A B [w

where ¢ is the counter constituent common to all separands
and r, is the mebility of the constituent I relative to

that of an appropriate referenge constituent, in this case
the leading constituent, Chemical equilibrium and electro-

neutrality imply that

M
= _ M +(pK, = pH")
= CA(l = 10— B )]
=M M +{(pK_ = pHM)
¢y = pex (1 + 10="F"B ) (3.4}
=M M +(pH? - PK.)
¢C=—(1+¢)CA(1+10-P c’)
Combining the egns, 3.2, 3.3 and 3.4 we obtain
Lo, zL_ MYy _ 1 . 4 _ {1+ )
Lt % T 9 ; WY M g (3.5)
%n B als]
and
-1, M (J.‘A - fc) (rB = rc)
e (1 -x)) = cA; gt W (3.6)
I E!B

a %n B

We now introduce the relative leading concentration p and
the reduced mobility kI

Eg 1 - rc
P =T and k. = - (3.7)
cE T ¥y -r¢

Elimination of cg gives a qguadratig equation for the pro-
ton concentration in the miXed zone. Only one root will
have physical significance.
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2pHM

HM
a 10 +b 10P% + ¢ =0 (3.8)

The constants g, & and ¢ for the equation are given in
Table 3.1. Once the pH in the mixed zone has been calcula-
ted, all dynamic process variables can be calculated by
using the appropriate equationsg, Moreover, steady-state con-
figurations are obtalned by using a zexo sampling ratio.

TABLE 3.1

CONSTANTS FOR THE pH QF THE MIXED ZONE (EQN. 3.8)

Anioni¢ ¢onstituents Cationic congtituents

a = (+a1107 Pk a =X -1)107%%8 + ¢ (222 -11107PR
ATA BB

b= (1re)( 2y + ) b =Q+e) (g + )

A'A BB AR BB

e o= (A2 C1)10PFA 4 g (AYE S1y10PRR o wiiaeg)10FC
rpka Tgkg

Moving boundary experiments can be simulated by the intro-
cution of a high sample load. Computerization allows mul-
tiple calsulations of all dynamic process variables;u.
As the criterion for separation, Part 1 Chapter 1, has to
bhe satisfied, the pH of the nmixed zone iz of decisive im-
portance. According to eqn. 3.8, this pH is influenced by
the physico-chemical characteristics of the separands and
of the common counter constitusnt, by the sampling ratio,
¢, and the relative leading concentration, p. The last
parameter is closely related to the pH of the leading elec-
trolyte and the former one to the pH of the sample, We
shall consider anionic separationg, but equivalent relia-
tionships and conclugiong c¢an be made for cationic separa-~
tions.

In isotachophoresis the leading gonstituent generally
must have a high effective mobility, so strong ionic ¢on-
stituents like chloride are commonly usedll. In this in-

stance it follows that

- ® < p o= = < -1 (3.9)
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At p + =1 the counter constituent is used far below its pK
value and it hehaves like a strongly ienic species. In
this case the leading electrelyte has no buffering capaci-
ty. At p = =2 the counter constituent is used at its pK
value, pHL = pK,, and therefore exhibits its full buffe-
ring <¢apabilities. High negative values for the relative
leading concentration again imply a low buffering capacity.
Moreover, in this case the cencentraticon of the counterx
aonstituent will be high in comparison with that of the
leading constituent, which ¢an be faveourable in complex
formaticon. It is easlly shown that for ingcreasing pKJ - pH
i.e. the geparands are only partially dissociated at

the pH of the leading e¢lectrolyte, the difference in pH
between the mixed zone and the leading elegtrolyte will in=-
crease, Separands that are already completely ionized at
the pH of the leading electrolyte will induce only a

slight elevation of pHM and therefore will be separated as
strong electrolytes. Counter constituents with a low pK
value in comparison with the pH of the leading electrolyte
show a tendency to diminish this increase in pMM. When the
leading constituent is a strongly lonice species the pH of
any following zone will be higher than the pH of the lea—
ding zcone, If however, a weak constituent is chosen as the
leading gonstituent negative pH steps ¢an occur under the

appropriate conditiOnsll.
=3

s pkem = 20
b pK- = 30

c: pKe = 40

pH-— P~ e pg = B0

A
pHY = pR=

|
n+
o
t \
1 1
i -
TN
1}
o
)
A
0
]
i
o

Fig. 3.2 Ths influenee of the pH of the leading elaatvolyte
on the pH of the mixed zone. Constituent data: Tablse 3,2,
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Cbvicusly, problems in separation generally ocour
when bhoth the pK values and the mobilities of the sepa-
rands show only little differences., An example of such a
pair is given in Fig. 3,2, When the more mobhile consti-
tuent has the larger dissociation ¢ongtant, the criterion
for separation will always be satisfied. Optimization in
this instance is very straightforward: low pHL and low pKC.
However, when the more mehile constituent has the smaller
aquilibrium constant, the criterion for separation need
not always be satisfied. It will depend on the proper
choice of pHL and pK. whether the critical pH, as indica-
ted in Fig. 3.2 with an asterisk, will be ocbtained,

TABLE 3.2
CONSTITUENT DATA FOR FIG. 3.2 AND FIG. 3.3

constituent mogility 2
cm” /Vsec value
Leading, L w77 x 1072 pKy = -2
Counter, C +30 x 10-5 pPKo variable
Separand, A =45 x 10-5 pKA = 4.5
B =30 x 1077 K, = 4.0

Sampling ratio: Fig. 3.2 ¢ 1, Fig. 3.3 variable.

From egn. 1.20, it follows that the given pair will
not separate at pHM = 4,52, 1f a counter constituent is
chosen with pKC = 4, there will be no separation at pHL =
4.40. Above this pHL, copnstituent B will migrate behind &,
whereas the order will be reversed at low pH-. It is easily
shown that the lower pH of the leading electrolyte will
Give a more favourable ratio of effective mobilities. It
should be emphasized that the mobllities of the separands
have only a marginal influence owing to their limited nu-
merical extension.

The influence of the sampling ratio is shown in
Fig. 3.3, where limiting wvalues of ¢ are given. At zero
gampling ratio the pH of the "mixed” zone will be that of
the isotachophoretic A zone, whereas at very large sam-
pling ratio the pHM will ke governed by the separand 5.
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Fig. 3.3 The influence of the sampling ratie on the pH of
the mized zone. Constituent data:r Table 3.32.

Hence, whatevey the pH of the sample or its molar concen-
tration ratio, the pH of the mixed zone will always lie
between the pH values of the completely resolved zones. In
common practice =sampling ratios can show appreciable fluc-—
tuations due to the sample pH or the melar concentraticons.
Fig. 3.3 therefore ¢gives an indication of the "unsafe"
margin, which in this particular case extends over 0.4 pH
unit. It is obviousz that the pH of the leading electrolyte
must be chosen well out of this "unsafe" region. Sampling
ratios can show an even larger influence, when the pK wva-
lues of the separands show more distinct differences.

3.2. RESOLUTION

Oncde the driterion f£or separation, mi/mj # 1, has
been satisfied, the time needed for resolution becomes im—
portant. When a separand zZone contains all of the sampled
amount, resolution has been obtained for that constituent.
We therefore define the resolution, R, as the separated
fractional amount of the constituent:

-~ Beparated amount of T

Ri sampled amount of T

(3.10)

From this definition, it follews that during the separa-
tion process the resolution increases from zero to its ma-

ximal value, unity, Constituents that fail to separate,
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remain at zero rescolution and can be termed ideally mixed
zoneslz.

Complete separation of a sample reguires the resclu-
tion values of all separands to be unity. As expected the
resolution and its time derivative are complex functions
of the constituents involved and the driving foreces ap—
plied. Moreover, the mathematical intricacy involved in
calculating optimal process variables increases rapidly
with inereasing number and ¢omplexity of the separands.
For strong elegtrolytes relevant mathematical formulations
have beaen publisheds but most separations nowadays concern
weak electrolytes. In this case dissociation equilibria,
and therefore a proper choig¢e of pH, are tools in the con-
trol and optimization of the separation proccess. When dea-
ling with complex formation,assoclation equilibria should

13

bhe inveolved. It has been suggested that the difference

in migration rates, i.e. Uﬂ - v,, is of decisive importan-
ce in separation. However, in isotachophoresis and moving
boundary electrophoresis this does not apply, and in these
instances it is more beneficial to optimize the ratio of
the migration rates, i.e. vi/vj. Whereas the velocity dif-
ference will reach a maximal value as a function of pH,
the ratio shows no sach optimum. Ags the local electric
field strength for both separands in the mixed zone will
be the same, it follows directly that the mobility ratio
must be maximized or minimized, depending on the migration
configuration, Part 1 Chapter 1, Introducing equilibrium
constants and ionic mobilities it follows that in anionic
separations the lowest pH will give the bhetter mobility
ratio, and mutatiz mutandis helds for cationi¢ separationsz.
I+ should be emphasized however, that pH extremes have on-
ly limited experimental applicability and that practical
considerations often govern the proper choice of pH. More-
over, a low numerical value of the effective mobility will
regquire a high clectric field strength in orxder to ob-
tain an appreciable migration rate and other electrokine-
tic effects may then prevail.

From Fig, 3.1 it can be concluded that the time
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needed to reach the maximal resolution for the consitituent
4 can be expressed as a function of the boundary veloci-
ties:
2
tros ~ G____ﬂ_V_me_ (3.11)
L/A T YA/A+B

where Zﬂ is the steady state zone length of the separand
zone A and Vg ig the boundary velogity.
Using the appropriate relationshipsg, we obtain

k
B
n,r 1TV r
B B c
t = _— 1 - == {(3.12)
res I aMr rA
B B
LR
%afa

Hence it follows that the time of resgolution is a complex
function of tha concentration and the pH of hoth the lea-
ding elegtrolyte and the sanmple, of the sampled amount,
the sampling ratiec, the electric¢ driving current and all
iconic mobilities and dissociation constants. It should be
noted that in egn. 3.12 it is the ratio of the effective
sepaxand mobilites and not their difference that is impor-
tant. Further this equation emphasizes the importance of
the pH of the mixed zZone.

For the length of the separation compartment, needed
to contain the completely resolVEQ state, L it follows
that

k
1L+ ¢ mﬁ
Ay kg 1
xres = OEL M ( kArA (3.13)
1 Cply
-
ata

where 0 is the cross sectional area of the separation com-
partment.
For a given sample and electrolyte system, the resolu-

tien length, z is independent of the applied electri-

raes’

cal driving current, whereas the time of resslution, #rgs.

is inversely related to the driving current. From the egns.
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3.12 and 3.13 it follows that the separation of a

given sample load requires a definite amount of coulombs
and column volume, Taking limiting values for egn. 3.12,
it follews that

S S < (3.14)

The relationship between the sampled amount and the time
of resclution is obviouslyvy a linearx one. Moreover, for a
two-separand sample, resolution for both separands will be
obtained simultaneously.

The influence of the counter constituent

From esgns. 3.12 and 3.8 it ¢an be concluded that both
the time of resoclution and the pH of the mixed zone are
affected by the mobillity of the commen counter constituent,
Fig. 3.4 shows the variation of the time of resolution as
a function of the mobility of the counter constituent rela-
tive to that of the leading constituent. It follows that a
low mobility favours the time of resoclution, partly becau—
se of itz influence on the pH of the mixed zone and partly
because it increases the efficiency of the current trans—
port.
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Fig. 3.4 The time of rescliution as a function of the rela-
Live counter comgtituent moubtlity. Constituent dabta: Table

dad.
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TABLE 3.3
CONSTITUENT DATA FOR FIG, 3,4

Constituent mobility PK_
CNZ/VSEC value

Leading, L -70 x 1072 pK, = 0
Counter, C variable pKC = 4.1
Separand, A variable pKA = 4.0

B -30 x 10°° pEp = 5.0
Leading electrolyte: pH” = 4.0, o2 = -0.01 M

M _ -70 MY _
Sample: pH = 4.0, Iy = ng = 10 mole, Cp =6 = -0.0% M

Driving cugxxent: I = 100 pad,0 = 0.002 cmz.

The influence of the mobility of the ¢ounter constituent
on the pH of the mixed zone ig, however, marginal. For the
lower limiting value of zero it follows that the pH of the
mixed zone becomes iﬂdependent of the constituent mobili=-
ties,

Ag egn. 3.12 is a function of the effective separand
mobilities in the mixed zone, the pH of this zone is of de-
¢cisive importance. Recognizing that all mixed zone characte-
ristigs are determined by the leading electrolyte as well
az by the sample, it is obvious that the relative leading
congentration, p, and the sampling ratio, ¢, can be uged
in optimization procedures. Both p and ¢ are functions of
pH and can be chosen arbitrarily within practical limita-
tions,

The influense of the pH of the leading elestpolyte

From the practical peint of view the choice of the
pH of the leading electrolyte offers the best possibili-
ties in optimization procedures. In Fig. 3.5 the influence
of the pH of the leading electrolyte, for different mobili-
ties of the separands, on the time of reselution is shown.
The counter constituent has been chogen for its maximal
buffering capacity at the pH of the leading electrolyte.
Dealing with monovalent anionic constituents it follows
that, whenever the more mobile separand has the larger
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dissociation constant, resolution is favoured by a low pH
of the leading electrolyte. Mutatis mutandis holds for
cationie separands, for which a high pH will be favourable,
It should be noted that the effect on the time of resolu-
tion can be guite appreciakle. When the ionic mobilities
are cqual only & low pHL will result in an acceptable time
of resolution. For separands that have already large dif-
ferences in their ioni¢ mobilities, the effect of decrea-
sing the pH of the leading electrolyte is much less pro—
neunced. The flattening of the sigmoidal curves at high
pH indicates that the sample constituents are being sepa-
rated as monovalent strong iong, in which event there is,
of course, no infiluence of pHL.

Though the rationale for optimization of the separa-
tion process is rather straightforward, care should be ta-
ken in choosing extreme pH values for the electrolyte sys-—
Lems. Electrolyte systems that induce a low effective mo-
bility of the constituents, e.y. smaller than w4 om’/Vsac,
will reguire the use of high electri¢ gradients, e.g. lar-
ger than 200 V/cm. In analytical practice such electrolyte

systems have only ilimited valuell.

At low high pH the con-
tribution of protons or hydroxylions, being rather mokile
species, to the conductance <an not be neglected and their

deleterious effocts will be dealt with in Chaptexr 3.4.
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TABLE 3.4
CONSTITUENT DATA FOR FIGS. 3,5 AND 3,6

Constituent mobility pKa value
cn? /Vsec Fig, 3.5 Fig. 3.6
Leading, L -77 x 107 PR, = =2 pK, = -2
-5 L _ L
Counter, C +30 %10 pH™ = pKC pH™ = pKC
Separand, A variable PEy = 4.0 PR, = 4.5
-5
B -20 x 10 PRy = 4.5 pEp = 4.0
. L . =L

Leading electrolyte: pH™ variable, e = -0,01 M

M* _ N —MF =M
Sample: PH = 4.0, n, = np = 10 mele, Cp =cCp = -0.05 M
Driving current: I = 100 WA, O = 0.002 cm?.

=l=F o,

501

40

B: Farrg = 1
a0 B oray rg = 1.33
Cora/ty = 2
20
E&ﬁﬁ 1waf *® ¢
4 = ]

pHE
Fig. 3.6 Time of resolution g a funetion of the pHE of lhe
leading electrolyte. Constibuent date: Lable I.4.

If the more mobile separand has the lower dissocia-
tion ¢onstant, the situation bscomes more complex. The pH
of the mixed zone, at which, in this case, no separation
occurs and its relation to the pH ¢f the leading electro-
lyte,have already been discussed. From Fig. 3.6 it follows
that the pH of the leading electrolyte must be at least
one pH unit different from the critigal pHL in order to
obtain an acceptable time of resoclution. The guestion of
whether a high or a low pH must be chosen depends on the
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physico-chemical characteristics of the separands, Never-
theless, the tendency that a low pHL ts favourable still

helds. For example, wWith the mebility ratioc of 1.33 reso-
lution will be obtained at pH = 7, but a higher resolu-

tion rate will be chtained at pHL = 3, At high pH the ze-
parands will migrate in order of ionlc mobilities, whereas
at low pH they will migrate in oxder of dissociation con-

stants.

The infiusnce of the pH of the sample

Although in practice the pH of the sample can not be
varied arbitrarily, its influence can nevertheless bhe sub-

stantial, as can be seen from Fig. 3.7,

2
20- =1 501
r-}
15T 3 a5
3
=
10 304
pHaumpla E
15 %
5-‘ g o
t
lr:»?r?) B
T g 3 3
P P —

Fig. #.,7 The influence of the pH of the sample on the timg
af resolution, Constituent data: Table 3.5.

Again,resclution is favoured by a low pH of the sample.
When the more mobile constituent has the larger dissocia-—
tion gonstant, Fig. 3.73, the effect is straightforward,
Resolutlion is favoured by a low pH of both the sample and
the leading electrolyte. From Fig. 3.7B whers r, » rg and
KA i3 KB’ the guidance for this "reversed pair" af sepa-
rands can bhe deduged. When running such a sample at a high
pH of the leading electrelyte it is alsc preferable to use

a sample with a high pH.
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TARLE 3.5
CONSTITUENT DATA FOR FIG. 3.7

Congtituent mobility PK, value
CMZ/VEEC Fig. 3.7A Fig., 3.7B
Leading, L -70 = ZLOH5 pKL = =2 pKL = =2
Counter, C +30 x 10_5 pHL = P pHL = PKC
Separands, A —40 x 107° PK, = 4.0 pKy = 4.5
-F _ -
B -3Q = 10 pKB = 4.5 pKB = 4.0
leading electrolyte: pHL variable, E% =-0.01 M
Sample: pHM* variable, n, = n, = 107 mole, oo = oo =
: " TA B rThA B

-0.05 M
Driving current: I = 100 pa, O = 0.002 cmz.

Uptimal conditicons are obtained, however, at a low pH of
hoth the sample and the leading electrolyte. In both cases
the migration configuration of the separands in the sam-
pling compartment and the separation ¢ompartment will be
the same. If, however, a low pH of the leading electrolyte
is combined with a high pH of the zample, B will separate
45 well in the sampling compartment as in the separation

compartment.

uurnpllng.

Pig. 3.8 The dual sepavation phenomencon.

Ag gsoon as the sample train has left the sampling compart-
ment, Fig. 3.8, a zone-electrophoretic elution of the
mixed zone in the separation compartment will start. As
goon as the terminating congstituent has reached the rear
side of the zone-slectrophoretic goncentration distribu-
tion, a new discontinuity, the separand zone A, will start
te grow, This phenomenon of zone-electrophoretic rearrange-
fent, has no other influence on the separation process, ag
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has heen discuased already.

3.3. TIME OF DETECTION AND LOAD CAPACITY

Eqrn. 3.13 suggests that a fixed-point detector must
be located at €pua from the sampling compartment and that

detection can be started at ¢ From Fig. 3.1, however,

it follows that this is not aiiiys the case, as detection
¢an already have commenced before the sample has been re-
solved completely. The criterion for detection states,
that only resolved separands must be detected, i.e. the
mixed zone should resclve the moment reaches the point of
detaction. Hence, for the minimal length at which the de-

tector must be located, EF I it follows that

b4 =t

det res vA/A+B (3.15)

and, for the moment at which detection must be started,
tdet'
taet = ¥aet/VL (3.16)

It follows directly that the time of resclution will be
larger than or egual to the time of detection, as holds
for the resolution distance and the detection distance.

Using the appropriate relationships we chtain

Mr
a , “B%B

=
Q

4]
=
W

t £
= = A
=T = (3.17)

"
—
-+
h= 3
@ b

For a fixed point detector it is important to minjimize

both L and ¢t and optimization procedures are analo—

'
gous to the minf;zzaticn of the time of resclution. Fig.
3.9 shows the influence of the sampling ratioc on the ratio
of detection time and resolution time. Depending on the
actual parameters, the effect can he considerable.

For a low sampling ratico and a low mobility ratio, the
time of detection will be very small compared with the

time of resolution. In practical terms this means that,
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3.9 Relationship betwaasn the time of deteetion and

TABLE 3.6
CONSTITUENT DATA FOR FIG. 3.9 AND FIG., 3.10
Constituent mobility pKa value
cmz/Vsec
Fig. 3.9 Fig. 3.10 Fig. 3.2 Fig. 3.10
] -5 _
Leading, L -77 x 10 =77 % 10 PR, = -2 pKL = w2
Counter, € 30 x 10°° 30 x 1072 PKe = 4 pEy = 4
Separand, A  variable variable PRy = 4 PK, = 4
B =30 x 107° ~30 x 107° pKy = 4.5 pKy = 4.5
: L _ =L _
Leading electrolyte: pH™ = 4, ¢y = -0.01 M
L —_
Sample: Fig. 3.9 pHM = 4, ¢ variable, n, = 10 mole
Fig. 3.10 pHM* variable, n a ™ 0p

Driving current: Fig, 3,9 I =

100 uad, O = 0.002 cme.

whenever the more mobkile separand has a high concentration

compared with that of the less mokbile separand,detection <an

be =tarted early and only a short separation compartment
is needed, At high sampling ratios, the time of detection
will be almost equal to the time of resclution.

In common practice, however, the detector will be

located at a fixed position in the separation compartment,
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xde&f‘im’ #0 it is impossible teo choose the actual length

of the separation compartment. For the maximal sample load,

nmax, for the column we obtain

M
- lete
UMI
max lead A D
N By, ¥aka M (3.18)
kA apTy
L
B UnTp
load . . .
whare ny is the amount of the leading constituent £il-

ling the separaticon compartment, from the sampling compart-
ment to the detector.

C a4
' @ rplfg T 217
1.0+
= Tmirg = 1.83
] a =39 ral g = 1.50
r‘ﬁﬁax 0.6 - b . = 1033
,—,l— . d: ralTm = R
load e G e: rpfrg = 100
‘024 T d
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Fig. .10 Influence of the sample pH on the load capacity.
Conatityent data: Table 3.6.

The maximal sample load for the second separand follows
diregtly from the given definitions. Moreover, egn. 2.18
¢an be transformed dirsctly into a time-based or distancge-
based form, using

load =L
n

= t, 1 (3.19)
L *detfix °L T “detfix F{l = 1 ) -
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Egn. 3.19 i= very useful, since it gives directly the
ameunt of the leading electrolyte, ngoad
of time and driving current, i.e. the amount of Coulombs
used, is measured and the transference number of the leading
constituent iLs known. Since the amount of leading consti-

tuant can be arbitrarily chosen, we define for the lcead

 onge the product

capacity ©

nmax

c (3.20)

- S

load ntead
L

A maximal load ecapacity is obtained by optimization of the
separation process. For anicnic separaticns a low pH of
both the sample and the leading electrolvte will favour
the load capacity, as can be seen from Fig. 3.10, For cat-
loni¢ separations a high pH of the leading electrolyte
will be preferable.

length
nEEQ+_+-§t44—vumwne{:
diameter

lanl~}.3
Na ——* Cload

Sample
Fig. 3.11 Column evaluation.

The load capacity can be uwsed for defining the reguired
celumn dimensions or vice versa. The evaluation procedure
is schematically glwven in Fig. 3.11.

3.4, CURRENT EFFICIENCY

In the previocus sections 1t was shown how important
parameters, such as time of resolution and load capacity,
are related with operational and instrumental conditions.
In addition,however, it is important to know how efficient
the applied electric driving current is used for separa-
tion. Eqn. 3.12 offers a unique possibility to derive the
dimensioniess separation number 5. The advantage of this
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geparation number is that it is esszentially independent of
the amcunt of sample, column geometry and the slectric
driving current. Differentiation of the zeparated amount
of the constituent 4 with respect to time and multiplica-
tion by F/I gives

M
, - B’
) Cf.MI r
s, =22 5 = A A A (3.21)
AT Tt A " NS
A A~ Te
L gt

The physical significance of the dimensionless separation
numbcr 1s that it gives the relative part of the driving

current, Cthat is actually used for the separation of the

separand 4. It should be noted that the separation number
L5 not equivalent with the transference number T. For the
transference number of the constituents 4 and B in the

mixed sone it follows that:

=

¢_A
r k r
o 1 a { ana T = B B s
A al% ~ T¢ B kA rp - T,
L+ g L+ g
B B
(3.22)

In the limiting cases, where ¢ = ¢ or ¢ = «, the transfe-
rence numbers are equal to those in the separated zones,
Combining the egns. 3.21 and 3.22 we obtain for the sepa-
ration number

M
o _r
_ _ B B{ M
8, = 31 ;ﬁ;_€ T (3.23)
ATA

Taking limiting conditions for the pH of the mixed zone
and the sampling ratio into consideration it follews thats

0 =8, =T (3.24)

The separation number of the second separand, £, is close-
ly related to that of 4, as
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M M
ar 8, T

oA - A B _
——t 1€ TB —— XSA (3.25)

Tﬂ " 8y

where y is the molar concentration ratio EB/EA in the sam—

Sf%
Gply

ple. The relationship between ¥, ¢ and the pH of the sam-
ple is straightforward:

(1 + 107 (PKy - PHM*’)
¢ =x-

: T (3.286)
(1 + 10" (P¥g ~ PHT ),
In Fig. 3.12 the influence of the sampling ratio on the
gaparation number is shown for various separands., The
counter constituent again has bheen chosen for its optimal
buffering capacity in the leading electrolyte.

0.75
8 paoge = 4.9 8 o~ 8,54
b: papn = 4,7,686 or 554
0.50 ¢ © PKagp= 4.68.6 or 4,4-,4

- d: pkage = 45,8 o 5,58
e: pagn = 4.4 8

H SE Jdata o

P
Fig. 3.12 The influence of tha gsampling ratie on the di-
mensionlesa geparation number.
L

PE” = PRy v, = 0.6, vy = 0.4, P, = —0.4.

It follows that the separation number decreases rapidly
with increasing sampling ratio. Numerical calculations

have shownlo

that many of the curves, that are obtained
when the disscociation constants and mobilities are varied,
show congruent behavicur. It should be recognized that ge-
nerally exact data for the separands are not known and
therefore a variation in the input data has to be taken

into consideration. Reasons for thesgse variations are

i3



obvicus: lack of data, unreliable data, temperature and

activity effects. The influence of parameter fluctuations

is however marginallo, as many ©f them are counter active.
From the curve [ in Pig. 3.12 it follows that the separa-
tion number for the second separand increases with increa-

sing sampling ratio.

Egqn. 3.22 again glves the optimization rationale for

anionic separations. As long as the transference number in

the mixed zone is independent of pH,

a low pH will have a

favourahle influence on separation. At a low pH, however,

the contribution of protons in the transport pro¢essg can-

not be neglected and the transference number for the sepa-

rand 4 can be written as:

r
Tﬂ = - A . L (3.27)
a” e k c k
A H n
1+¢.—n—+—’—
X M-k
B =Y i1

where ¥ and cf are the proton concentration and the sepa-
From eqn. 3.27 it
fellows that the ratio of the proton and the separand con-

H
rand concentration in the mixed zone.

centration may have a large influence on the trangference

number. At & relatively high proton concentration the fa-

vourable influence of the lew pH on the ratio of effective

034
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Fig. 3.13 The influence of a relatively high prolon aon-

centration on the separalion number.
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ceparand mebilities is counteracted by the deleteriouns ef-
fect of pH on the transference number. Depending on the
actual conditions the separation number can show an opti-
mum, In Fig. 3.13 an example is shown. The sampling ratio
was chosen to be unity and the concentration of the sepa-
rand 4 was chosen as a parameter. It follows that, at a
low separand concentration and a low pH of the mixed zone,
the effect can ke appreciable.
The optimal pH of the mixed zone is influenced by all the
physico-chemical constants of the constituents in the mi-
xed zone. A small difference in dissociation constants
and/or mobilities will make the separation number rather
insensitive for pH, but it should be remembersd that such
zeparands, per se, will have a low separation number, Se-
parand pairs that have a large difference in pK values
will be more sensitive in this respect and the optimum in
pH increases with increasing pK values. It should be re-
cognized, however, that a low separand goncentration and
low pH of the mixed zone, at this sampling ratio, cannot
be generated by an arbitrarily chosen leading electrolyte.
Curve ¢ of Fig. 3.13 can only he generated by using a
rather low concentration of the constituwent, Such electro-
lyte gystems are known to haveée only a rather smal) vange
of pH applicabilityll. Depending on the concentration of
the leading constituent the transference number of the
leading congtituent is influenced by the pH cof the leading

1.0

W

T"T@

-4 -3 -2 -1 8]
log, (o) —=
Fig. 3.14 The transference number of leading constttuent

ag a funation of pH.
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electrolyte, as can be seen from Fig. 3.14. If the ratio
of the proton concentration and leading constituent con—
centration is small, the transference number ig constant.
With inereasing ratio, however, it decreases rapldly, and
almost the total electric driving current 1is carried by
the rather mobile proteons. In practice,the concentration
ratio will be chosen smaller than 0.l. Therefore,working
at a leading constituent concentration of 10 mM, tﬁe pH of
the leading electrolyte should be chosen higher than pH =
3. Working at a concentration of 1 mM the lower limit of
pH iz already 4, which emphasizes the limited applicabili-
ty of very dilute electrolyte systems. Though we did con-~
sider only the deleterious influence of protons at low pH,
similar considerations can be done for the influence of
hydroxyl tons at a high pH.
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CHARPTER 1

High performance zone electro-
phoresis

An experimental approach s
given to high performance zone
zlectrophoresis, The aeymmetric
concentration distributions arg
the result of migration dis-
perston and asymmetry can be
only suppressed by the appli-
gatien of very low amowunts of
gample., Non migratitonal dia—
persion can be well controil-
led by +the uwge of narrow bore
tubes. Plate heightsz amaller
than 10 um can easily be ob-
taingd., The practical appli-

‘ cabtlity of HPZE is disoussed.

1.0. INTRODUCTION

Many of the problems in the development of electro-
pheresis are caused by convection and detection, In expe-~
rimental practice there axe three alternative approaches
to alleviate the problem of convection. One approach em-
phasizes the use of additional force fields, e.g. gravi-
tational or elegtromagnetic, to eliminate the disturbing
influence of convectionl’z. In a second, somewhat more
practical approach, stabilizing media such as paper,
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cellulose agcetate or gels are used3. Although in this waw
convection can be effectively suppressed, it inherently
introduces an interaction between the solutes of interest
and the anticonvective medium. Such interactions may well
pe beneficial in many applications, but are generally not
desirable,. The third approach, which has proven to give a
gatisfactory solution te obtain a stable electrophoretic
performance, is the use of the anticonvective "wallveffect"q.
Hence stahility <an be obtained by decreasing the diameter
of circular ¢olumns or decreasing the gap distance for flat
columns. In moving boundary electrophoresis and isotacho-
phoresis such configurations have been applied successful-
ly., mainly hy using narrow-bore tubes of chemically and
electrically non conducting materialss_lz, sugh as glass
and PTFE.

In conventional zone electrophoresis generally "off-
line" detection methods, such as colour reacticns and sub—
sequent optical scanning, are used. A prerequisite for
high performance zone electrophoresis in narrow-bore
tubes is however the availability of a reliable, fast res-
pan&ing and sensitive detection system. Untill now only
the conductimetric and UV detection systemslz sooms Lo
have some compatibility with the reguired demands.

Zone electrophoresis in narrow bore tubes has attrac-
ted less attention, although several suggestions about its

13-15  yisrtsn’>® performed zone

feasibility have been made
electrophoresis in tubes of quartz glass coated with me-
thyl c¢ellulose and used UV detection. The adverse effeoct
of the relatively large inner diameter of the separation
compartment was reduced by rotating it about its longitu-~
dinal axis. Although the operating conditions seem gome-
what complex, he clearly showed the feasibility of the
technique.

Everaerts and Hoving Keulemansl4 used an isotachopho-
reti¢ inctrument eguipped with a thermometric detector.
The separation compartment was of PTFE tubing and with in-
strument they were able to perform zone electrophoretic

geparations. and they detected highly asymmetric Zones.
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A detailed study was made by Virtanenls, who used a
glass capillary with an inner diameter of .21 mm and po-
tentiometric detection, The performance of the eguipment
however was poor as the experiments were extremely sensi-
tive for disturbances.

Giddings16 avaluated theoretically the ultimate capa=
bilities of zone electrophoresis by introducing the HETP
concept. Provided that a low dispersive performance can be
achieved, he suggested that plate heights down to 10 um
should be possible. Untill regcently this limit ¢f perfor-
mance had never been reached, but the use of ecapillary
configurations seemed to be promising in this respect. In
analogy with medern chromatographic methods, the low load
capacity of capillary systems will put high demands on de-
tection., For moving boundary electrophoresis and isotacho-
phoresis a satisfacteory sclution has been found. In zone-
electrophoresis howaver, a higher selectivity is needed.
Moreover, there are some methodological problemsz, that
may hamper the development of high performance zone elec-
trophoresis.

1,1, EXPERIMENTAIL

All chemicals used were of analytical reagent grade
or additionally purified by conventional methods. The ope-
rational systems and conditions are given in Table 1.1,
Counter constituents were chosen for theiyx optimal buffe=-
ring capacity at the operative pH, whereas the carrier
constituent was chosed according the specific requirements
of the analytical problem,

In all cases a viscous addltive was used to increase the

electropheoretic performance, Driving ¢urrents were chosen
in such a way that an acceptable compromise was found be-
tween the time for analysis, heat production and reguired
voltage.

The major part of the experiments were performed in
the electrophoretic egquipment developed by Everacerts et
allz. The separation compartment was formed by PTFE narrow
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Separation compartment
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Fig. 1.7 Zone eleclrophoretic equipment.

a: eleatrode compartment, b: sampling valve, ! drain,
d: sampling syringe, - UV detector, f. c¢onductimeter,
g: eleatrods compartment, h: membrame, p and g: leads to

power supply.
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TABLE 1.1
OPERATIQNATL, SYSTEMS

Parameter System No.

1 2 3 4
Carrier constituent MES Acetid acid Acetid acid HEPES
Concentration (M) 0.01 0.005 0.1 0,1
Counter constituaent  HIST HIST GABA TRIS
=t 6.05 6,02 4,00 6,00
Additive 0.1% HEC 0.1% HEC 0.1% HEC 0.1% HEC
Inner diameter (mm) 0.2 0,2 . 0.2 0.45
Driving current (pa) 20 30 100 150
Temperature (OC) 20

bore tube with an inner diameter of 0.2 mm and an outer
diameter of 0.35 mm. Samples were introduced by means of

a microliter syringse or a specially constructed four-way
injection valve with a volume of 0.7 ul and an inner dia-
meter of 0.3 mm. Electric gradient detectors were nsged in
the conductance model? and Uv absorption signals (254 nm)
were converted electronically inte absorbance. The direct
and constant driving current was taken from a modified
Brandenburg (Thornton Heath, Great Britain) high voltage
power supply.

A schematic representation cof the experimental zet up iz
given in Fig. l.1. Additional experiments were performed
with the LKB Tachophor (LKB Bromma, Sweden), egquipped with
a 0.45 I,D. narrow bore tube. Only the experiments with
the LKBE Tachophor were performed at a constant temperature
of ZOOC, in all other experiments the temperature was am-
bient.

1.2. RESULTS AND DISCUSSION

According to cur thecretical considerations, Part 1
Chapter 2, the effective mobility of the separand, relati-
ve to that of the carrier constituent, determines the con-
contration distribution of the separand. A separand with
an effective mobility smaller than that of the carrier
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constituent must migrate with a sharp leading side, where-
as the back side of the zone must be "diffuge", From Fig.
1.2b it ¢an be gseen that the eslectric gradient profile

of propionate conforms with theory when acetate is used as
the carrier constituent. In this case a stable moving boun-
dary is formed at the leading side of the zoneé, whereas at
the back side the eriterion for stability can not be met.
The steepness of the voltage gradient,of course,determines
the actual sharpness of the moving boundary.

On the other hand the electric gradient profile of a se-
parand with an effective mobllity larger than that of the
carrier constituent must migrate with a sharp back side
and a "diffuse" leading side. In Fig. l.2a the distribu-
tion of formate detected under the same operational condi-

tions, (system 2, Table 1.1) is5 given.

1.00
a —t
090
;
1.10
1.00
= ]
1.0%
falal =
= - 1.0 Eﬁ
E
10.90
] & 4 2 [5)

—f—————— G (fTHN)
Fig. 1.2 Zone electrophorelic separation ¢f formate and
propionate in the operational syestem ? (Table 1.1).

a) formate, .5 10_9 7

mole; b) proprtonate, 3.5 0°
mole; ol formate + propionate, sach £,83 x 1079 mote.
E°/EC = electrical field strength in the separand sone rs-
tative to the gavrrier electrolyte; timin) = time of analy-

75,
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Again the actual gradient prefile conforms with theory.
The result of the analysis of a mizture of the two zepa-
rands is shown in Fig., 1.2¢. Xt <can be seen that neither
the retention behaviour nor the distribution function of
the more mobile separand, i.e. formate, is affected by the
pregence of the second separand, whereas the opposite is
clearly not true. This is caused by the fact that for a
ryx 1 configuration the time needed for the first sepa-
rand ion to reach the point of detection, tdet' is inde-
pendent of the sampled amount and the presence of other
separands, whereas for a r; < 1 configuration no indepen-
denge exists. Therefore Fig. 1.2 not only proves theory
but also emphasizes the complex nature of retention in
zone electrophoresis. This complexity may hamper the hand-
ling of multicomponent samples in which largs concentra-
tion differences occur.

When an fixed point detection system is used, the
electric gradient profile for a r, » 1 is given bys

1.00

Enn—ldn

0
_ﬁgﬁn

0.964

1 0.590
£
=

[

180 150 120 8o 120
—af—r—  {580])
Fig., 1.§ Electrie gradient profile of a chlorids zone, mi-
grating tn the operattoncl system 1 of Table 1.1.
a) 707 = 10722 mote c17; b) 354 z 1072 mole €17; o) 70.7
2 10712 mora 617 d) 21.1 & 10 1% mole cL ES/EC retative
electric field strength; #(sec) = time of analysis.
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ES(xdet,t)/EC = \/tdet/t {1.1)

In Fig. 1.3 an electric gradient profile of a chloride
zone migrating in the operational system 1 of Table 1.1 is
shown, From the theoretical profile, given in Fig. 1.3 by
the dotted line, and the experimental profile it must be
concluded that the theoretical profile is in close agrea-
- ment with eyperimental practice. It should be emphasized
that the theoretical model, Chapter 2 Part 1, essentially
was developed for monovalent strong electrolytes. The ope-
rational system 1 of Table 1.1, however, is well buffered,
as both the carrier constituent and the counter constitu-
ent have pK values that are close to the pH of the carrier
elactrolyte. Any pH shift in this slectrelyte system is
unlikely and therefore the theoretical ceonsiderations will
apply, Prom Fig. 1.3 we conclude that disperszive factors,
other than electrophoretic migration, are well controlled
and have a negligible influence on the concentration dis-
tributions., Qwing to the high relative mobility of the se-
parand and its local concentration, an appreciable inhomo-
geneity in the electric field occurs, resulting in

stable boundaries. It can be calculated that under the
given operational conditions diffusional dispersion beco-
mes important at the picomele level for the zampled

amount .

TABLE 1.2
RETENTION DATA

@.v, qoefficlent of variaticn

No. of Sample  Peak width Peak height tstop tiat tgr
deter— load
minations {(mole x  sec Q.. (2) mm C.V.(%} Bec sec sec
-12

10 )
3 707 39.1 1.5 1230 0 172.4 133,33 159.2
4 500 2.4 2 1084 0.4 166.1 133.7 155.0
4 354 27.4 2 a08 0.2 162.2 134.% 153.0
4 225 21.8 2 732 0.3 154.9 133.1 147.6
4 70.7 11.8 [ 427 1.0 146.2 134.4 142.3
4 2,2 7.53 12 243.5 1.0 140.7 133.: 138.2
3 7.07 .14 3 165.2 3.0 138.7 132.6 136.7
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Theoretically, it has been shown, Part 1, Chapter 1, that
tdet is independent of the sampled amount, ag is experi-
mentally confirmed by the right hand side of Fig. 1.3 and
the data of Table 1.2, Decreasing the sample load haz no
effect on the shape of the concentration distribution and
only the moment the last sample ions are reaching the

point of detection, is determined by the =zampled

t
ateop’
amount and the generated distribution function.

From the data in Table 1,2, it follows that neither
the peak height nor the peak width is linearly related to

the amount sampled. For guantitative determinations we

derived:
t3
- -2 [ step _ 1
g = k(tstop 3 taet 3 tdet) (1.2)

where k& ig a calibration constant depending on the cross-
sectional area, the current density and the mobilities.
The data of Table 1,2 fit this egn. with a gorrelation
coefficient of 0.9997. Again it must be concluded that the
experiments performed were essentially non-diffusional.

100
ri=s
501

EEﬁ

== 00 =00 700
— =102 ale
Fig. 1.4 Calibration graph for chlovide determinations.

In those instances in which somewhat blurred concen-
tration distributions are cohtained, e.g. when injection is
made with a microliter syxinge, it iz necessary to use the
peak area. As the difference in specific conductance be-
tween & sample zone and the carrier electrolyte is direct-
ly related to the cencentratjon of the separand cohcentra-
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tion, it is obvious that the conductance-based peak area
must be used., Though the applied detection system is of
the electric gradient or resistance typelz, the electric
gradient peak-area, in a triangle approximatien, proved to
be linearly related with the sampled ameount, Figure 1.4
shows the calibration graph for the separand chloride.

For identification purposes a retentien time haz to
be defined, Both the time-based centra of gravity, tgr’
stop’ are affected by
the sample load as ¢an be seen from Table 1.2. For practi-

and the tine of the peak maximum, £

cal reasons, generally the time of the peak maximum will
be prefarred.

At high sample loads probahly an appropriate empirical
correction function can be used. The use of a constant
voltage instead of a ¢onstant driving current may well be
favourable in this respect. From the Fig. 1.3 it can be
seen that the sample did not only c¢ontain chloride, but
alse an impurity, which was identified as sulphate. At a
high szample leoad it is dAifficult to decide whether separa-
tion is conplete or not, Although asymmetric concentration
distributions are frequently encountered in £ree zone elec-
trophoresis, theay also occur when anticonvective media

such as gels or cellulose acetate are usedla

. Using capil-
lary systems, however, they seem to be more pronounced
because most forms of non migrational dispersion can be
well controlled. In faet the high asymmetry of the separa-
tions shown in Figs. 1.2 and 1.3 gives an indication of
the low dispersive performance of the equipment. Woerking
with syringe injection also very reproducible and low dis-
persive separaticns can be done, as <an be seen from Fig.
1.5. Manual injcction must be done with great care in
order to ensure that the sample is introduced in the ideal
plug-form. The use of a sampling valve ebvicusly is supe-~
rior in this respect but has the disadvantage of a relati-
vely large and invariable volume. The adverse effect of a
relatively large sampling volume can often be decreased by
the concentrating capabilities of the electrolyte system.

The left hand side of Fig. 1.6 shows a separation of three
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fig. 1.5 Feparation of some anionic dyee on the LKB Tacho-
phor, t = time of analysis, UV = UV ghbzorpticon at 254 nm
Operational system 4 of Table 1.1.

separands, anazlysed in the operaticnal system 3 of Table
1.1, when the fouxr-way sanple valve is used, The relative—
ly high concentration of the carrier constituent and the
fact that the separands were not dissolved in the carrier
electrolyte guarantees a concentration of the sample over
the stationary boundary between the sampling and the sepa-
ration compartment, Part ) Chapter 2.
Irrespective the long sample width, i.e. 10 mm, a geod

separation is obtained. A comparable result can be obtai-

ned by disc electrophoresislg'zo

by choosing a suitable
stacking elec¢trolyte or by using a two dimensional coupled
21 mhe right hand side of Fig, 1.6 shows the

same separation, but now the separands are dissolved in

columnn system

the carrier electrolyte. In this instance the electrolyte
system has no concentrating effect and the adverse effect
of the relatively long sample width is clearly visible.
Therefore, in experimental practice the sample should not
be equilibrated with the carrier electrolyte. Selective
removal of any separand, in which one is not interested,
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1: Sulpheanilic acid
2 S58r.24(0H)sbenzoic acid
2 2: ABMP
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Fig. 1.8 The influencse of the sampling width.

Operational system 3, Table 1.1; ¢ {(wminl) = time of analy-
Big; UV = UV abgorbance at 254._wmm; Al Separands disscilved
in water; B) Separands diggolved 4n carpier elactvolyte.

or replacement of it by a less mobile constituent, will
enhance resclution. Theoretically it is possible to obtain
peak widths that are smaller than the sample width. An-
other important consequence of the concentrating capabili-
ties should be mentionad, Since local separand concentra-
tions depend on the concentration of the carrier constitu-
ent, Part 1, Chapter 2, a high concentration of the latter
one involves & relatively high concentration of the sapa-
rand. Working with concentration dependent detaction sys-—
tems, such as UV, this may have a favourable effect on the
signal t® noise ratio. For non specific detection systems,
such as the ¢onductimeter, no direct advantage is obtained
from highly concentrated electrolyte systems. In order to
obtain a comparable time of analysis the driving current
should be taken proportional to the concentration of the
carrier constituent. The resulting increase in heat
produation may well have a deletericus effect on separa-
tion.

As mentioned already quantification in zone electro-
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phorxesis is not straightforward. Especially with UV deteo-
tien, keing a concentration dependent detector, some care
should be taken. At a large peak width, e.4. the separa-
tions of Fig. 1.2, appreciable velocity differences exist
within the concentration distribution, that is passing

the detection system. As a result the integrated peak area
can not be linearly related to the sampled amount. At
small peak widths however, deviations will be swall.

The applicability of a non specifice detegtion system
follows from Fig. 1.7, where a separation of a l6é-compo-
nent sample is shown in the operational system 1 of Table
1.1. Because only 17.5 pmole of each constituent were in-
jected, reasonably symmetric distributions are obtained.
From the separation shown in Fig. 1.7, it follows that the
respons of the conductimetric detecto:l7 decreases with
increasing retention time. Moreover, divalent separands
have a considerable higher respons than monovalent sepa-
rands, For a quantitative evaluation at this low concen-

tration level, the integrated peak area can ba ugsed direct-
ly. .

14 T T T T T T

= ] 4 = =] 7 a -]

€ [Min) —
Fig. 1.7 Zone-glectwophoretic saparation of a 16 eompenent
sample. t{min) = dimg of analysie; F = Zncreasing electri-
aal field strength, sample load: each eeparand 17.5 x 10718
mole. Operational gsyatem: system 1 Table 1.1 separands: Ta-
ble 1.3.
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The peak maxima ¢an be used most conveniently for reten-—
tion purposes, because at this low sample load they are
fairly independent of the amount sampled. As their repea-
tability is wvery high, as can be seen from Table 1.3,
they can be used for identification.

Column efficiency is generally expressed as the theo-
vetical plate number ¥ or the related gquantity &, the
height egquivalent to a theoretical plate:

tR2
N =[— and H =
I

where ¢

2l

is the retention time, o, is the standard devia-

tion of ihe concentration distribuiion and L is the golumn
length. Though there is =till some asymmetry left we used
the well known chromatographic relation, ¥ = 5.63 (tR/m%)g,
where w% is the peak width at half height.

Giddings® predicted that the minimal plate height that
can be obtaiped in Zone electrophoresis is akout 10 um.
According to Fig. 1.7 and the data of Table 1.3, this mini=
mal value is eagily obtained for several sample constitu-
ents.

Ag there is still some asymmetry left, it must be concluded
that at a lower ganple load even hetter HETFs can be ob-
tained. This, however, will place even higher demands on
the detection system, which essentially was developed for
isotachophoresis and moving boundary electrophoresialz.
Using the appropriate eguations and the data of Table 1.2,
it follows that 1 pmole of chloride, analysed in the ope-
raticnal system 1 of Table 1.1, will cause a maximal Jde-
viation of the baseline signal of 0.5%., As most separands
will have a lower response than chloride, an even higher
stability is required. At a very high sensitivity, e.g.
0,01% of the conductance of the carrier electrolyte, the
conductivity signal often shows a poor repreducibility and
time dependent instabilitles, that are not &f electronic
origin, As a result an irreproducible drift of the base-
line, signal wandex and ghost peaking ocfuy. These effects
are mainly due to electrochemical effects at the micro
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TABLE 1,3
PERFORMANCE CHARACTERISTICS

Separand No Retention time HETP N
sac ovd um

Chloride 1

Sulphate 2 185.3 0.8 38 5300

Chlorate 3 208.2 0.8 20 10000

Malonate 4 236.3 0.2 - -

Chromate 5 244,13 0.6 22 g9200

Pyvrazole=3,5=dicar=

boxylate & 262.6 0.8 18 11000
Adipate 7 304.2 0.9 18 11000
Acetate 8 335.4 0.9 8.7 23000
Propionate 9 376.9 0.9 - -
f~Chloropropionate 10 382,7 0.6 - -
Benzoate 12 416 .4 0.6 7.1 28000
Naphtalene-2Z-monc

sulphonate 13 443,2 0.9 5.6 36000
Glutamate 14 486.9 1.3 6.3 32000
Enanthate 15 514,0 1.0 5.6 36000
Benzylaspartate 16 558.0 1.0 5.9 24000

Length of the separation compartment: L = 20 cm
HETP = Height equivalent to a theoretical plate
N = theoretical plate number

ey, = coefficient of variation n = 6.

seansing electrodes, adsorption and the presence of impuri=-
ties in the electrolytes. Temperature effocts seem to have

only a minor influence18

. Signal stability causes less
problems when UV detection is used. Noting that in the
conventional EC_{lJi};:rrlmﬁt]'2 and optical path-length of only
0.2 mm i=s present, a proportional increase in sensitivity
can be achieved by increasing this length, Other advanta=
ges of UV detection arxe the selectivity and its compati-
bility with electrophoretic gradient elution technigues

by pH programming,
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1.3. CONCLUSIONS

Concentration distributions in free zone electrophore—
sl are strongly influenced by the effective mobility of
the separand relative to that of the carrier constituent.
Leading distributiong will be obtained whenever the effec-
tive mobhility of the separand is larger than that of the
garrier constituent. Tailing distributions will result
when the relative mobility of the geparand is smaller than
unity.

High performance zone electrophoresis at a low con-
centration level is possible and gives reproducible re-
sults. Adequate design of the equipmentl2 and the use of
narrow bore tubkesguarantees a low dispersive performance
and allows a simple and easy operation.

The retention mechanism in zone electrophoresis is
complex, especially when large concentration differences
in the separands occur. The retention behaviour is strongly
affected by the nature of the sample.

A high stability and cof the detection systems is re-
quired. UV detection seems to be most promising in this
respect.

A fundamental question is whether zane electrophore-—
sis is superior to ilsotachophoresis or not, It should he
noticed that the geparation processes of both electropho-
retic pringiples mainly proceesd according te the moving
boundary principle. In isotachophoresis a high ¢urrent
efficiency is coupled with the need for a relatively high
sample lead. In zone electrophoresis the current efficien-
cy is rather low, due to the continuous transport of car-
rier electrolyte, but fortunately only a low zample load
iz required. The overall result is that both principles
differ not appreciable in their time of analysis. Proklems
considering sepaxability with the two pringiples are not
very likely te be different. Since the retention behaviour
in zone electrophoresis is dependent on the presence of
other sample constituents, isotachophoresis has a small
advantage considering gqualitative aspects.
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CHAPTER 2

The transient-state characteris-
tics of isotachophoresis

Resolution, load capactty and
current afftefency are experi-
mentally evaluated. The pH of
the leading eleetrolyte gives
the best rationale for optimi-
zation, whereas the pH of the
sample hae only restrieted
possthilities. The dimension-
leas aeparation number and

the loadeapacity can be used
far detevmination end stan-
dardizqtion of experimental
performance. Steady atate con-
Figurations tn which the sepa-
randa are not migrating in
aprder of decreasing effectipg
mobilitiee are shoun and dis-
augaed,

2,0. INTRODUCTION

Resolution in isotachophoresigs has been defined as
the fractional separated amount of the separands under in-
vestigation. According to this definjition, its numerigal
value may vary between the limiting values of unity and
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Zero. At zero resclution no separation has occurred and
the constituent forms an ideally miwed zone with at least
one other constituent. Obviously the maximal resclution
value of unity should be reached in the shortest time pos-
sible and with the most convenient experimental c¢onditions.

Basically the three optimization rationales are given
by the electric driving current, the mobility of the coun-
ter constituent and the chemical eguilibria of the electro-
lytesl.

The electric driving current acts directly on the
time nesded to resolve a sample. It should be recognized,
however, that for the separation of a given sample a defi-
nite amount of coulombs is negessary, but that the time
interval in which this ameunt must be delivered is immate-
rialz. The time needed for resclution and the electric
driving eurrent are inversely related, so minimization of
the former invelves maximization of the latter. High dri=-
ving currents result in an appreciakble temperature effect,
which can be deleterious for the separation. The use of
flat column53'4 works favourable in this respect, since
they allow a better removal ©f the heat produced. Neglec-
ting differential temperature effects, the driving ¢urrent
has no influence on the current efficiency of the separa-
tion process. It follows that for a given sample the volu-
me of the separation compartment, reguired for the separa-
tion is independent of the driving gurrent.

The mobility of the counter constituent acts directly
on the transference number and should be as low as possi-
ble. The mobility of the counter constituent has only a
small influence on the pH of the mixed zone.

For an ¢ptimal current efficiency both the ratio of
effective separands mobilities and their transference num-
bers should be ¢ptimized. A well known mechanism influen=-
cing effective mobllities selectively 1s given by dissocia-
tion and complex formation5_7. In the former instance the
pH can be used in optimization procedures, and until now
it has been the most freguently used parameter5.

The direct result of optimal current efficiency will
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be a favourable time of rezolution and an optimal load ca-
pacity. The current efficiency is best expressed by the
dinensionless separation number, Part 1 Chapter 3, which
has its maximal value at unity. This separation number ig
neglecting temperature effects, independent of various
operational conditions, such as the electric driving cur-
rent and the column gecmetry. It is, however, strongly af-
fected by the nature of the electrolytes and therefore can
be used to compare the efficiency of different analyses.
The load capacity gives direct information on the amount
of separand that can be separated in a given operational
system, The leoad capacity can be optinized by following
the same rationales as for the current efficiency. Both
parametars ¢an he used to evaluate the experimental perfor-
mange of an isotachophoretic separation,

2.1. EXPERIMENTAL

All experiments were performed using the isotachopho—
retic equipment developed by Bveraerts et als. The separa-
tion compartment, Fig. 2.1, consisted of PTFE narrow bore
tubing with inner diameters of 0.45, 0.2 or 0.15 mm and
corresponding cuter diameters of 0.75, 0.4 and 0.3 mm. The
direct constant electric driving current was obhtained from
a modified Brandenburg (Thornton Heath, Great Britajn)
high voltage power supply. Electriec gradient detectors,
applied in either the electric gradient orx resigtance mede,
were used for the measurement translent- state and steady
state characteristica. UV detection was performed in the
absorption mode at 254 nm.

2.2, RESULTS AND DISCUSSION

Transient-state characteristiocs can be easily obtai-
ned experimentally and several important parameters can be
evaluated directly as most are interrelated. For isotache-
phoreic analyses it is most convenient to use a separation
compartwent of well defined and constant volume and to ap-
ply & constant electric driving current. Using a fixed
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TABLE 2.1

QOPERATIONAL SYSTEMS

Parameter

pH of leading electrolyte
Leading constituent
Concentration (M)
Counter constituent
Terminating constituent
Concentration {M)

Additive to leading electrolyte

Temperature

Current density (Afcm21
di = 0.45 mm
di = 0.2¢ mm
di = 0.1l4 mm

System No.
1 2 3 4 5
3.60 4,03 4 .60 5.04 6.02
e cl” cl” cl” cL™
0.0L 0.01 0,01 0.01 .01
BALA GABA EACA CREAT HIST

* %
CZHSCODH CzﬂSCUOH CEHSCOOH C2H5COOH MES
0.005 0.085 0,005 0.005 0,005
0.05% 0.05% 0.0G5% 0.05% 0.05%
MIWIOL MOWIOL MOWICL MOWIOL MOWICL
Ambient ambient Ambient Ambient Anbient
D.5503 5.0503 0.0503 0.0503 0.0503
0.07%6 0.0796& 0.0796 0.07986 6.073%6
0,1415 0.1415 0.1415 ¢.1413 0.1415




Seaparation compartment

Leading compartsment

I

Fig. 2.1 Isotgehophoretic equipment.

a: Ptwaleeatrode, b: terminating electrolyte, e: drain,

d: aeptum, er UV detector, f:uconductimeter, g: septum,

h: membrane, i: Pt-electrode, p and g leads to power supply.

103



peint detector and a given elsctrolvte system, all charac-
teristics can be evaluated by injection of known anounts of
sample and accurate measurement of all electric gradient

and time events.
TARLE 2.2

CHARACTERISTICS OF THE LEADING ELECTROLYTE, SYSTEM 2 TABLE
2,1,

Parametar valuz
Leading Constituent, chlorids M~ =77 x 107 e pusec
concentration & = 0.0l M
Counter constitusnt, GABA Moana = 30X 107 cm2/Vsec
pKGABA =4.03
Electrice deiving cucrent I = 80 pA
Diameter of the sep. compartment di = 0.45 nm
Appearance of 15 boundary tdetfix = 1112 sec
Response leading constituent AnL/At = 0,592 nmole/sec
Leading load n7™ = 458 mole
Transference number: experimental Texp = 0,714
theoretical Ttheor = 0.720

In this casze, the amount of the leading constituent £il-
ling the separation compartment, néoad’ is constant. Provi-
ded the sample did net contain the leading constituent,

the first boundary, that reaches the detector, will always

he registered after the same time interval, tdeﬂfim;
_ .load F _
Ygerrix ~ P TP T YQ) (2.1)

where I is the Faraday constant, 7 the applied current and
r. the ionic mobility of the counter constituent, relative
to the mobility of the leading constituent. Experimentally
the amount of the leading constituent can be determined by
the injection of a known amount of the leading constituent

AnL, and the measurement of the resulting time delay, At,
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with respect to tdetfix=

An
nload _ L

L = Yaetfix FE (2.2)

Moreover, because for a one-constituent menovalent weakly

ionic constituent zone the dinensionless separation number
S, is identiecal with the transference number, T, the expe-
rimental and theoretical transport efficiency can be com-

pared:

.
] = L (2.3)

fgerfix Ty

nload
L

TL=

Hl=

where " s5i the ionic mobility of the constituent Z. It
should be noted that the transference number of monovalent
weakly ionic constituents does not qontain effective mobi-
lities, but rather fonic mobilities, because, owing to el-
ectroneutrality, the degree of disgsociation cancels out.
Some experimental resutlts are given in Table Z.2.

Egn. 2.3 is useful, as it provides a practical proce-
dure for the determination of the amcunt of the leading
constituent, once the ionic mobilities and tdetfix' are
known. It also provides a method for the determination of
counter gonstituent mobilitles from experimental results,

[=}=)

{2.4}

It should be emphasized, however, that at extreme values
of pH the contribution of hydroxyl-ieons and protons should
be taken into consideration.
Obviously, & high transport efficiency due to a low icnic
nokility of the counter constituent, is always favourahble
as it garantees an efficient use of the current applied.
For the operational systems given in Table 2.1 we can ex-—
pect transport efficiencies between 70 and 75%.

As already mentioned, the characteristics of the se-—
paration process can be evaluated, by the injection of
known amounts of sanple. An examplelcf such a procedure is
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Fig. 2.2 Resolution lines for a two separand sample.
Operalional systam: Table 2.1, system no 2 and Table 2.8
L = shlaoride, 4 = formate, B = glycclate, T = propionuate;
glafaBel o pientpin filald stwength; n = zampled amount.

Sample: -0.06 M, ~“0.056 M, pH = §.0.

Crovmate Cgiycolate —

givern in Fig. 2.2 and relevant parameters are summarized
in Table 2.3. The fact that, at a constant load of the
leading constituent, the first boundary will always bhe
detected at the =zame time intezval, tdetfﬂw' is illustra-
ted in Fig. 2.2 by the rasolution line L/A. The low coef-
ficient of variation, Table 2,3, confirms the excellent
pexrformance of the equipment. Injection of a small amount
of sample will cauge two zones, stacked between the lea-
ding c¢onstituent L and the terminating constituent T. A
gample load of 1,3 pl of the separand sample, see Fig. 2.2,
where n, = §&, will give a time based zone length of 124.4
gee for congtituent 4 and detection must he started 1112
se¢ after injection. The zone length of the second sepa-
rand, £, will be 148.1 se¢. Other sample loads will give
proporticnal zone lengths. The characteristics of these
steady state 2ones will not be discussed here but the ¢lose
agreement of the calculated and experimental resolution
lines, L/A, A/B, and B/T, indicates the reliability of the
calculations.
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TABLE 2.3
RESOLUTION DATA

For operational systeem see Fig. 2.2 and Table 2.2
Resolution line: n = ak = b (mmole),

Boundary No. of a =) C.v,
deter— or
rinations Exp. Theor. Eap. Theox. C.a,
L/A 53 0 0 =1112 -1112 0.8%
A/B 13 0.525 0,530 584 520 1.000
B/T 45 0,242 0.251 270 279 1.000
A/AB 6 o} 1] =-1328 =1317 0.4%
AB/B [ 0.321 0,316 314 312 0.998
Paramster Expeximental  Theoretical

Toad of leading constituent (™% 658 mmole 647 mwle

Maximal sample load (n;f‘a") 113 nmole 108 nmola

Separation nurber (S,) 0.103 0.099
{Sg) 0.103 0.099

load capacity (Cload) 0.172 0.167

C.v. = coeffigient of variation
C.¢. = correlation coefficient

As the separation compartment hag a limited load ca-
pacitiy, at a high sample load a mixed zone will be detec—
ted. The characteristics of these mixed zones are deter-
mined by both the leading electrolyte and the sample and
are constant with time, az long as they exist. The time
interval tnfax' at which the mixed zone will be detected,
is again constant, as illustrated in ¥ig. 2.2 by the reso-
lution line A/4B:

1
&
fad

E

Eama® = Taeesix -

(2.5)

=

E

o

The maximal zone length for the resolved separand 4 on a
tine base, is given by
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Emax

= t _max - {2,8)
A nA

tdetfix

The maximal sample load, nﬁa‘r, is given by the intercepts

of the resolution lines 4/B A/AB and AB/B. For the given
pair of separands, formate and glycolate, the maximal sam-
ple load was 113 nmole, which was close to the theoretical
value, Table 2.3. From the maximal sample load the load
capacity, GZoad’ and the dimensicnless separation number,
2, ¢an be cdaleculated directly. Optimal column dimensions
¢an be derived from the lead capacity, whereas the dimen-
sionless separxation number gives the relationship between
the amount sampled and the electric driving current ox
time of regolution. The appropriate procedure is given in
Fig. 2.3

Qirmensions _’ diameter, length
Veolume T 28.1 pl
Concentration El]: -O001 M
-
Leading load M 2591 nmole
-+
Losd capacity Cagna 072
Sample M S nmole
-+
Separation number 5‘_] 0103
L
Charge _’ 4.88 mC
time current

Fig. £.,3 Column evaluation.

Prom the load capagity, CZoad’ of 0.172, it follows
that for a sample that contains 5 nmole of both separands,
29.)1 nmele of the leading constituent chleride are neces-
sary. The reguired volume ¢an now be calculated conce the
concentration of the leading constituent has been chesen,
2.q. EE = -0.,01 M. If the inside diameter ¢f the separa-
tion compaxtment is 0.2 mm the length must be 2.25 cm. Ob-
viousaly, if we had chosen a higher concentration of the
leading constituent with the same dimensions of the sepa-
ration compartment, the maximal sample load would have
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been proportionally higher. From the dimensiconless separa-
tion number it follows that for a resolution time of 100
sec, an electric driving current of 46.8 WA must be ap-
plied. At a driving current of 25 LA we can expect a reso-
lution time of 187.4 sec, since the sample regquires 4.68
ne of electric charge. Although all resolution lines were
determined experimentally, the load capacity and the sepa-
ration nuwnher can be obtained with sufficient accuracy
from conly a few experiments, in which a mixed zone is pre-
sent. The number of necessary determinations depends lar-
gely on the performance of the equipment. A high perfor-
mance implies that the coefficients of variations in both
tdetfi and t p are low. It should be emphasized that

the column eva{uatlon of Fig, 2,3 applies only to one =spe-
cifie sample. Generally, z sample will show fluctuations

in composition and an appropriate safety margin should be
used. In analytical practice the fluctuations in composi-
tion may be due to concentration and/or to pH. Once the
extreme values of these fluctuations are known, the safety
margin <an easily be calcoulated.

In the experimental detexminations, not only time
events are being registered, but also electric gxadients.
'L the ef-
fective mobkility of the trailing econstituent in the mixed

As eqn. 2.5 contains only one unknown guantity, w

zone cah be obtained from the experimental results. For
the gly<olate constituent in the mixed zone of Fig. 2.2 it
follows that

iMixed
glycolate 1112 =
aLeading 1388 0.481 0.403
chloride

Provided that the ionic mobility of glycelate is known,
the pH of the mixed zone can be derived. Using the appro-
priate relationships it follows that pHM = ¢,28, which is
very close to the theoretically expected value of 4,30,
that can be calaulated with the transient state model,
From this we can evaluate how much the ratio of effective
mobilities in the mixed state differs from the ¢ritical
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value of unity at which no separation occurs.

=Mixed

glycolate _
~Mixed 0.73

formate

In combination with the separation number, 5 = (,I10Z, we
find for the transference number of formate in the mixed

Tformate = 0.36.
From Fig. 2.2 and the data of Table 2.3 we conclude

ZOTe §

that even in the presence of a mixed zone, the relation-
ship between the total zonelength of the sample and the

12,123,214 from

sample load &5 perfectly linear. Deviations
this rule are the result of experimental inaccuracies,
such as hydrodynamic £low, improper injection and mixing

of leading electrolyte with sample and/or terminating

electrolyte.
R
e a: formote-glycolate
0.2 "\\ B: chiorace—formate
‘.-_-_-_-—""""--, e, sormpla: squimolsr
-, e
. ..
-.‘__.h.-‘ L "—EhBory
0A 49 =l
R a
=1
2 A a
pHﬂﬂl‘ﬂelﬂ

Fig, 2.4 The influanee of the pH of the sample on the di-
mengionless separation number.

Operational aystem: Table 2.1, syetem no 2.

As the geparation process is strongly dependent on the pH
of both the sample and the leading electrolyte, optimiza-
tion by choosing suitable electrolyte conditions should
be possible. The effect of the pH of the sample has been
given in Fig. 2.4. Owing to the small difference in the
dissogiations ¢onstants of the separands glycolic acid
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and formic agid, ApK = 0,08, the effect of the pH of the
gample on the current efficiency is minimal. For the given
pair of separands the theoretical and experimental results
show good agreement. When the difference in the dissccia-
tion constants is larger, the effect of the sample pH is
mach more pronounced, as iz confirmed by the constituent
pair chlorate-formate, In the instance a low pH of the sam—
ple c¢learly favours resolution, Although the theoretical
considerations suggest a rapid, continuous increase in ef-
ficiency, decreasing the pH of the sample, the eXperimen-
tal curve indicates only a moderate increase. In the tran-
sient state model, Part 1 Chapter 3, we made no allowance
for the influence of a relatively high proton concentra-
tion at low pH. Functioning as a mobile countexr constitu-
ent, protons, at a relatively high concentration will de-
crease the efficliency of the transport progess, and as
such the current efficiency of the separation process.
When the separands have only a small difference in their
dissociation constants, such as formic acid and glyeolic
acid, the theoretical and experimental results will show
only small differences. When the pK values of the sepa-
rands differ substantially, higher pH shifts can be expec—
ted and larger deviations will regult. Irrespective the
numerical discrepancy for anioni¢ separations a low pH of
the sample favours regolution. Appropriate ingorporation
of the hydrogen and/or hydroxyl constituent inte the ma-
thematical formulations will improve the theoretical re-
sults.

In common practice the pH of the sample shows only a
gmall degree of freedom and the most useful optimization
parameter is the pH of the leading electrolyte. As long as
the pH has ne influence on the transference number the
lower pH of the leading electrolyte will inecrease the cur—
rent efficiency for anionie geparations, Table 2.4 gives
some experimental results for the separands of Fig. 2.4.
From both the theoretical and the experimental results it
follows that, for constituents that have only a small dif-
ference in their pK values, the pH of the leading electro-
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lyte is not very useful for optimization. According to
theory the ratio of effective separand wmobilities in the
wixed state should be optimized. In case of only small pK
differences, the pH of the leading electrolyte will have
only a minor influence, as can be seen from the Fig. 2.5.

TABLE 2.4

INFLUENCE OF THE pH OF THE LEADING ELECTROLYTE ON THE
DIMENSIONLESS SEPARATION NUMBER

Parameter Separands

Chlorate-Formate Formate-Glycolate

Concentration (M) -0.05 -0.05 =-0.05 -0.05
pusauple 2.41 2.41
L

pH™ Counter Constit. Sexp Stheor Sexp Stheor
3.60 BALA 0.259 0.368 0.095 0.099

4.03 GABA 0.179% 0.275 0,098 0.100

6.02 HIST 0.075 0.105 0.101 0,092

1.0,

& formate-—glycolate

: ehiorage -formata

tpHt- = 380

3mgt__¢—a—

=

pHE = a03

(pH- = BO2

3 4 5 B8 7 B

pHDE .
Fig. £.5 The influence of the pH of the mimed zone on the
ratie of effective saparand mobilitigs.
Operational system: Table E2.1.

It ¢an easily be zhown that for the limiting values of the
mobility ratio it must hold that: )

0Pk, = PR E < ._mé < ) (2.7

L N
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Az a result,

for the separand pair chlorate-formate the

ratio of effective mobilities can vary bhetween its maximal
value of 0.764 at high pH and its minimal value of 0,365
at low pH. Hence any pH shift, dyge to either the leading
electrolyte or the sample, has haxdly any influence on the
mobility ratio. Owing to the relatively low mecbility of

the counter constituent histidine,
the higher efficiency,

6.02 has

only marginal. When the differences in pK values are more sub-

stantial the rationale for
cah be seen from the sacond
te,
lity ratio can vary between
0.846 at high pH. A high pH
will cause a high pH of the

in Table 2.4 and Fig. 2.

the separation at pHL
although differences are
optimization is more clear, as
separand pair, chlorate-forma-
5. In this instance the mobi-
almost zero at low pH and

of the leading slectrolyte

mixed zone, resulting in an

unfavourable ratic of the separand mcbilities. A low pH of
both the leading electrolyte and the sample will result in
an optimal ratio and therefore optimal current efficiency.
¥rom the Fig. 2.5 it can also be seen that for small
differences in pK values,
of the mixed zone and the leading sone is relatively high.

the difference in the pH valuss

When the sample contains stronger acids, this difference
iz ¢onsiderably smaller, resulting in a relatively low pH
in the mixed zone. Whenever the pH of the leading electro-
lyte is substantially higher than the pK wvalues of the

TABLE 2,5
CONSTITUENT DATA FOR FIG. 2.5

Parameter Separand

Acetate Naphtalene—2-sulphonate
Mohility (cm?/Vsec) -4l x 1070 ~30 x 100
Concentration (M) —0.005 —0.005
pK value 4.75 0
prsele 4.75 4.75

Mo separation at pH = 5.19

No separation at pHL =4.98 (p=-2, M, =30x 0> cm?/VSec)
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Fig. 2.6 Influence of the pH of the loading electrolyte on
the load capacity.
Oparational syetems: Table 2.1, Constituent Data: Table 2.85.

separands, the difference will be small and the separands
will be separated as strongly ionic species. From the
example given it follows directly that a separation based
on pK values is generally more effective than one based on
ionic mobilities.

For palrs of separands, where mg < m, and pi, < pig,

the rationale for optimization is straighﬁforward: Low pH,
For anionic pairs, where mp ¥ om, and pKA * pKB, the ratio-
nale is more complex. It has been shown, Part 1 Chapter 1,
that for such pairs a pH will exist, at which no separa-
tion occurs. Of course, this pH will cause an infinite
time of resclution, zero separation number and zerc load
capacity. Morxeover, at this pH the order in which the se-
parands migrate will be reversed. Experimental results con-
cerning the load capacity of such a pair are given in Fig.
2.6 as a function of the pH of the leading electrolyte and
the pH of the =sample. The experimental curves confirm the
theoretically predicted behaviour. Using the appropriate
data, Table 2.5, and relevant mathematical formulations,
it follows that the criterion for separation, Part 1 Chap-
ter 1, will not be satisfied at a mixed zone pH of 5.19,
Obviously, this pH can be generated by numerous combina-

114



tions of leading electrolytes and sample compositions.
Working at the maximal buffering capacity of the counter
constituent, i.e. p = -2 or pHL = ch, and introducing an
acceptable ionic mobility for the counter constltuent,
me = 30 x 107% cn’/veee, the critical pH of the leading
electrolyte iz 4.98. This was confirmed experimentally by
the =zeparation at pHL =.5.04, at which hardly any load
capacity was present. At a pHL highexr than the critical
value, separands migrate in order of ionic mobilities, and
separations can be performed with only moderate efficiency.
At low pHL, however, separands are migrating in ordex of
their pK values and & much higher efficiency can be obtai-
ned, resulting in a high load capacity. For example, the
resolution of a 1.5 nmole sample, an absolute amount that
can be detected without difficulty, would take about 23
sae¢, & = (.88, at pHL = 4.10 and pHS = 3.0, whereas the
sane sample can be resolved in 133 sec, & & (0,045, at

pHL = 7.10. The regquired length of the separation compart-
ment in the former instance is 5.8 times shorter than in
the latter. Obviously, for specific samples rigid optimi-
zation procedures can be followed, resulting in very short
analysis time, small dimensions of the separation compart—
mant and efficient use of the power applied. It must bhe
emphasized, however, that the success of optimization pro=-
cedures depends largely on the physico-chemical characte-
ristics of the species to be separated and the performance
of the equipment. When there are only small differences

in ioni¢ mobility and dissociation constants, optimiza=
tion procedures are elabkorate and result in & rather

gmall increasze in efficilenay.

Another important conclusion can be drawn from the
rasults shown in Fig. 2.6. It follows that efficient sepa-
rations can be achieved whenever the sampling ratio ¢,
i.e. the concentration of the charged trailing separand
divided by the concentration of the charged leading sepa-
rand, is small. Bicchemical samples often contain substan-—
tial amounts of very mobile species such as sodium, chlo-

ride or perchlorate. Such sanmples represent typical low
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"$ cases", that can be separated in a relatively short co-
lumn. The time of analysis, however, will increase sub-
stantially in the presence of these mobile separands. In
very special cases lowering ©f the sample pH by the addi-
tion of, for example, hydrochloric agid will increase the
load capacity of the column by the proposed mechanism.

TABLE 2.6
INFLUENCE OF THE INSIDE DIAMETER OF THE SEPARATION COMPART
MENT ON THE DIMENSIONLESS SEPARATION NUMBER

Parametar Inside diameter (dif mm).
0.45 0,20 0.15
Driving current (I, JA) 80 25 25
sample load (ngax' nmele) 87.5 23.5 16.6
(ng™™, nmole) 87.5 23.5 16.6
Rezolyution time (trea' s&c) 1081 1030 703.7
Separation number (Stheor) 0.100 0.100 0.100
(Sarexp’ 0.098 0.088 0.091

Sample: A = formate (~-0.05 M); B = glycolate (-0.05 M)
pﬂsample = 2.41. Qperational system: Tabkle 2.1, system 2.

The dimensicnless separation number Seems to he a re-
liable guantity for describing the current efficiency, as
it is independent of cperating conditions such as the elec-
tric driving current and celumn geometry. Table 2.6
gives the observed experimental efficiencies for the same
sample under different operating conditions. From these re-
sults it follows that, although differences in the separa-
tion numbers occur, the efficiency is not significantly
different. In our theoretical approach, Part 1 Chapter 2,
we introduced relative mobilities to suppress the influen-
ce of temperature effects. Comparing literatuxe data on
ionie mobiliti@sg'lu, it must he concluded that these tem-
perature effeqts are only partially eliminated in this way,
as many non-linear effects occur. Moreover, when conside-
ring temperature effects, the dissociation constants



should alsc be corrected. Mathematigal iteration procedu-
res to invelve temperature corrections for various physico-
chemical parameters can be introduced into the transient
state model with a probable conseguent, but small, in-
crease in accuragy. There is however, a lack of reliable
data on physico-chemical parameters and the present model
seems sufficient reliable, the predicted ‘parameters being

confirmed experimentally.

A alg 55%21

o]

: Chlormde
:ASTR

; Sulphanitic acid
Manmdelic acid

: Lectic acid

. GEMP
 ASNMP

ASMPE

. Acetic acid

CONOORGN-D

: Caproic acid

0 mas

“J | J

Fig. 2.7 Ieotuchopheretie state configurations.

Operationgl system; Table 2.1 system no &, pHL = 5.55

R = inoreasing resiatance. A = UV absovption 284 nm.

From the theoretical formulations, it follows that
the steady state effective separand mobilities can be only
used as an indication for experimental separability. Con-
Stituents that have almost egual steady state mobilities
can sometimes he separated gquite efficiently, Moreover, it
should be emphasized that the effective steady state
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mobilities are only indicative for the steady state nigra-
tion configuration; enforced isotachophoretic configura-
tionslq, in which a more mobile separand migrates kehind

a less mobile separand, ¢an be perfectly stable with res-
pects to time. An example of the possible configurations
is shown in Fig. 2.7. Several separands confirm that gene=
rally constituents in isotachophoresis are migrating in
order of decreasing effective separand mobilities.

TAELE 2.7
COMPARISON OF ZONE CHARACTERISTICS

Trans = computaxized transignt-state medel; X3 = computerized steady-atata m.bdel14

Paramcter Chloride zone, Mandelate zone Lactate Zohe

¢xperimental

Trans X3 Expr. Trans x3 Exp.

K -2 3.37 I.86

m. 107 (em?/Vsea) -77 =281 ~33.%

pil 3.90 4.21 4.22 4.25 4,27 4.28 4.29
E/EY 1.00 0.31% 0,320 0,322  0.318 0.319 90.322
& ) ~10.00 - 5.47  -6.54 - 7.1  -7.08

amandelate EOne
lagtate
“mandclate Tone 0.935  0.950 0,574
ndclate

=lastate aone
ndelate
azactatc zone
lactate

1.027 1.017 1.Daf

-mixed rone
mmundclatc
amlxed zone
lactate

1027

The constituents lactie and mandelic acid, Fig. 2.7 no 3
and 4, however show virtually no difference in effective
mobilities, as for thely isotachophoretic migration the
same electric gradient seems to be necessary (Fig. 2.6
and Table 2.7). From the linear conductance trace it ap-
pzars that this pair has neot reéesolved during the sepaya-
tion process. The UV trace, however, clearly indicates
that mandelic¢ acid has been resolved from lactid acid and
that the former migrates in front of the latter. The tran-
sient state model reveals that the pH of the mixed zone,
from which the pure zones are formed, is just below the
critical pH of 4.32 at which no separxation oggurs. At the
pH of the leading electrolyte mandelic acid will be
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rezolved in front eof lactic acid.

From the data in Table 2.7 it follows that the expe-
rimental and theoretical zone characteristics are in good
agreement. The minor differences between the transient
state and the steady state results, have already been men-
tioned. The ocourrence of a lactate ion in the resolved
mandelic acid zone will cause 2 2,6% deviation from the
ogriticel wvalue of unity for the ratio of effective consti-
tuent meobilities. Mandelate iong, in the resgolved lactic
acid zone, would lead to a dlfference of 1%, From the UV
trace it follows that these deviations are large enough to
garantee a satisfactory separation. The theoretical calcu—
lations show a larger difference and for the ratio of ef-
foctive mobilities in the mixed zone a 2,6% deviation from
unity was calculated. The experimental separation confirms
that this deviation is sufficient to obtain resgolution. It
must be emphasized, however, that these small deviations re-
sult in a low efficiency and column overleading ¢an easily oc-
cur. Fig. 2.7 nevertheless indicates clearly that isotacho-
pherograms in which only one detecticon system is used must
be interpreted with great care. The same, of course, ap-
plies when only UV detection is used. From the UV trace in
Fig. 2.7 it would be concluded that the nucleotides GSMP
and ASMP have not been resclved. The conductance trace
however, clearly confirms the separation of the twe =sepa=-
rands. On most occasiong small amounts of impﬁrities, with
either UV-absorbing or non UV-absorbing properties, will
indigate the separation boundary.

The sepaxand ASMP and ac¢etate, constituents 7 and 8,
are migrating in an enferced isotachophoretic configura-
tion. The effective mobility of the agetate constituent in
its proper zone is higher than that of the nucleotide
ASMP in its proper szone, as indicated in Fig. 2.7 by the
lower resistance of zZone B in comparisen with zone 7. For
the relative effective mobilities it follows

—Acetate EASMP

Aoetate _ ADMP _
—Chloride 0.212  and —Chioride 0.198
Chloride Chloride

11%



The 7% deviation from unity of the mobkility xatio allows

a satisfactory separation bhetween the two gseparands. The
reason for the stability ¢an be found in the difference in
pH values of the twe resolved zones. Using the appropriate
relationships it follows that the pH of the acetate zone

is 4.57. A nucleotide ion, lLost qgwing to the convection or
diffusion from its proper zone intc the acetate zone, will
migrate thera with a higher effective mobility than the
acetate constituent. In the nucleotide zone the pH is 4.32,
50 any acetate ion in the nucleotide zone will migrate
with a considerably lower velocity than the nucleotide,
Hence the self-sharpening capabilities of the separation
boundary allow the enforced isotachopheoretic configuration
to be stable with respect to time. The transient state mo-
del predicts even in this case, the separation configura-
tion correctly. It should be noticed however, that enfor-
ced isotachophoretic configurations will not be encountered
very fregquently in common practice,

Z2.3. CONCLUSIOWS

From both our previous theoretical considerations,
Part ! Chapter 3, and the experimental evaluation presen=-
ted here, it follows that through optimizatien a conside-
rable increase in current efficiency and load capacity and
a decrease in time for resclution gan be obtained. We res—
tricted our theoretical and experimental considerations
mainly to two gseparand samples but the same optimization
rationales hold, be it to a lesser extent, for multicampo-
nent samplesa.
In optimization procedures three rationales should be fol-
lowed:
i The electrical driving current should be maximized
during the separation process.
ii The mobility of the counter constitiuent should be mi-
nimized.
1ii A low pH of both sample and leading electrolyte
shonld be used for anionic separations. In cage of
cationic separations a high pH will be preferable,
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Extreme pH's where the proton or hydroxyl ionconcen-
trations have a deleterious influence on the transfe-
rence number should ke avoided. The pH at which no
separation occurs can be calculated and hence can he
avoided.

It mast be emphasized that the result of any optimieation

procedure depends on the nature of the sample and calcula-

tions of isotachophoretic steady state ¢haracteristics are

only indicative for separability. For wvery complex mixtu-
res in which multicomponent information must be obtained,
optimization can sometimes be elaborate and difficult. As

a result analyses in more than one operational system are

inevitable.
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CHAPTER 3

Column coupling in
isotachophoresis

A twe dimensional electropho-
retic tnstrument La desoribed
that allow the applivation

ef large sample loads, with-
out appreciable increase in
time of analysts. The instru-
ment is fully automised and
ean be used for mioro-prepara-
tive and twe dimensional sspa-—

PRAELONSE .

3.0, INTRODUCTION

Separands are often prezent within a sample together
with numerous other substances in which there is no inte-
rest. As long as the separand concdentration predominates
that of the interfering solutes gualitative and guantita-
tive determination of the separand will cauce only minor
problems. Unfortunately this is generally not the ¢ase and
according to our theoretical considerations, Part 1 Chap-
ter 3, such samples have a deleterious impact on both the
time for resolution and the maximal allowable sample load.

There are several appreoaches to alleviate this pro-
bler. First of all, sample pretreatment procedures, such
as solvent extraction with or without extragt ¢oncentra-
tion, can be used for either removal of interfering sub-
stances or selective enrichment of separands. Being gene-
ral procedures they can be used guccessfully in isotacho-
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phoresisl. Any sample pretreatment procedure, however, is
sensitive for guantitative inacecuracy and as a result re-
covery studies have to be applied.

A somewhat more elegant method is the uze of selecti-
ve detection systems of high sensitivity, as they allow
quantitative determinations at a low sample load. In this
respect the UV-absorbance detector can be applied quite
successfully, using the "UV-spike" methodz-s. In this me—
thod the separand migrates in a very small zone, stacked
between two non UV-absorbing spacers and the integrated
peak area or the peak-height is used for guantitation.

Not considering selective detection systems, the guan-
titative aspects in isotachophoresis are directly related
with the zone volume of the separand. With decreasing zone
volume the quantitative reliability decreases. Moresover,
for a fast responding detection system, such as the condug-—
timeter, the volume of the detectexr is important. Due to
the presence of a zone profile, a finite thickness of the
transition houndaries and the presence of convective in-
stabhilities, theoretical calculations on the minimal de-
tectakle amount or the minimal reguired zone volume are
rather academic4, For accurate guantitative determinations
the zone volume should be maximized whereas the detector
volume should be minimized. It should he noted that nei-
ther dilution of the leading electrolyte nor reduction of
the diameter of the separation compartment, c¢arried out as
a uniform ¢operation, will work advantageous since the maxi-
mal sample load is proportional with the conecentration of
leading electrolyte ag well as the ¢olumn hold-up volume.
Moreover, a low concentration of the leading electrolyte,
lower than 1 mM, will have a restricted pH applicability .
and detection systems of very gmall inner diameters, zmal-
ler than 0.1 mm, are difficult to realize.

According to theory the time-based zone length is
linearly related with the sample load and inversely pro¥
portional te the driving current and the transference num-
ber. The latter quantity is invariable for a given sepa-
rand in an optimized electrolyte system, whereas the
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driving current has a limited degree of freedom. For a
large time-hased zone length a low driving current is fa-
vourable, whereas the separation process reguires a maxi-—
mized driving current. The maximal value during separation
is governed by power dissipation and thermostating and the
minimal value during detection iz governed by the reguired
sharpness of the trangition boundaries. As a result time
current programming can be useful as long as the resulting
transient temperature regimes can be avoided.

The most strajghtforward method for increasing the
actual or time-based zone length is by increasing the sam-
ple load. As mixed zones have to be aveided a larger co-
lumn velume will ke necessary and there are several pogsi-
bilities to realize this.

Generally the length of the separation gompartment
can be elongated without much difficulty. This method has
only limited practical applicability since both the time
of analysis and the voltage drop over a column of uniform
dimensions are proportional with its length. It will snf-
fice for those apnalytical problems that regquire only a
doubling of the sample load, When the sample load must be
increased by at least one order of magnitude elongation of
the geparation compartment will f£ail due to the long time
@f analysis and the resulting unworkably high endvoltage.
These disadvantages ¢an be solved to some extent by using
a geparation compartment of pop—uniform dimensicns, e.g.
conical compartments—"; non uniform concentration distribu-
tionss and time-current programming.

The second methed that has been proven to be useful
is counterflow of electrolyteg_l4, An inherent drawback of
counter flow of electrolyte 1s that its flow profile not
only has a disturbing effect on the zone boundar1339 but
alse reduces the current efficiency of the separation pro-
cess, introducing antiseparative velocity distributions in
the mixed zones. As a result relatively large differences
in the effective mobilities of the separands are necesgsary.
The majoxr benefit of counterflow of electrolyte compared
with elongation of the separation compartment is the low



end-voltage and its versatility, especially when it is ful-
1y automized®. If counterflow is not applied during detec-—
tion the reproducibility of the analysis in comparable
with that of analysis without it. Counterflow of electzo-
lyte during detection is possible but its reliability has
not been investigated yet and probably reguires an acog-
rate control system.

The use of continuous sampling systemsls’lﬁ,

with ©xr with-
out counterflow of electrolyte does not provide a direct
way of increasing the maximal sample load, but rather a
large sample volume. The major drawback of counterflow of
electrolyte is its decreased efficiency and the regulting

long time of analysis.

3.1, COLUMN COUPLING

A more general solution to the problem of maximal al-
lowable sample load is given by the use of two separation
compartments with different inner diameters as shown sche-
matically 4in Fig. 3.1. The first separation compartment
has a relatively large volume, necaessary for the resolu-
tion of a high sample leoad. Its large inner diameter ai-
lows the use of a high driving current. Only the separand
zones of interest are allowed to migrate intec the second
separation compartment, where they can be analyzed further
at a lower driving current. Hence by selective switahing

Fig, #.1. Column Coupling

a,b,d: preseparation mode, &,e,f: separation mode.
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interfering substances can be removed from the isotacho-
phoretic sample train.

The ultimate capabilities of the coupled column system can
be evaluated by comparing its time of resolution, for a
given =zample, with that of a conventional instrument. As
for the separation of a sample only the time-current inte-
gral is important, the required amount of coulombs § is
the same for hoth instruments.

For the coupled column system it follows that,

Q= It + 5dt + It (3.1)

where I1 is the driving c¢urrent in the preseparation com—

partment during the time ¢, and dr is the time an inter-

1
fering zone needs to pass the bifurcation. IB and tg are
respectively the driving current and time in the f£inal se-
paration compartment. For a conventicnal instrument it

follows that,

Q =ty 1, (3.2)

where Ty is the resolution time in the conventional instru-
ment. It should bhe emphasized that for a correct compari-
son the inner diameter of the final separation capillary

in the coupled cclumn system is chosen to be equal of the
conventional equipment,

19 d
a 'l," - B
14 c . U
B by, = 10
e wh-15
10
b m'm!-eo
a 'Ml - 30
=]
=
g =
- P ) A 10
tyrat
t2

Fig, 3,2 The relative gain in time for vesolution.
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For the absolute profit in time for resolution ¢, we find:

g
tg = t3 - (tl + dt + tz) {3.3)
or
Il
0y = (5 +an {5 - 1} (3.4)

The relative gain, g, is given by the ratioc of the resoclu-
tion time in the conventional equipment and that of the
coupled column system. It follows that

I, {tl + dt}

== =+ 1

I t

= 2 Z (3.5)

el t, + 4t -

{%} Tt

In Fig. 3.2 the relative gain has been plotted as a func-

tion of the ratio fo the preseparation time and the sepa-

ration time., It follows that whenever ¢, + d+ 1s large in

comparison with ¢, a constant relative éain is cbtained
and that a large benefit can be found in maximizing the
ratio of the driving currents. The maximal value of Iy is
governed by power dissipation and the effectivity of ther-
mostatting, whereas the value of Ig can hot be chosen ar-
bitrarely low since at very low driving currents conside-

rable remixing of the separands during trapping can ocour.

Instrumaentation

The coupled column system essentially consists of
three sections, Fig. 3.3:

~ the preseparation compartment

- the bhifurcation block

- the separaticn compartment
The preseparation compartment has the larger inner diame-
ter resulting in a large column volume and allows the use
¢f a high sample load and a high electric driving current.
In eorder to alleviate the deleterious effects of relative-
lv high power dissipations, thig PTFE capillary can be
thermostatted. A vertical orientation with downward
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=t} ] INJECTION BLOCK
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FRESERARATIOMN
COMPARTRMEMNT

BIFLURCATION BLOCK

—~~-'tall-tala’ detector

SERPARATIOM
COMPARTMEMNT

1l

P

r

Fig. .3 Phe coupled column asystem.

a: terminating electrode compartment, b: septum, c: drain,

d: Fflat channel, e: counter electrode compartment presepara-
tion mode, f: membrane, g¢g: UV detector, h: conductimeter,

i: septum, Jji counter electrode separation mode, k: membrane,

p.q.r: leads to power Supply.
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migratien of the separands has proven to give the most gra-
vitationally stable configuration. The length and/or its
inner diameter can be varied, though inner diameters lar-
ger than 1.2 mm are not generally applicable, since they
regquire the use of relatively low curzent densities and

Lhe use of viscous electrolytes to prevent gravitional
sectling.

The separation compartment has a smaller inner diame-
ter and due to its favourable thermal behaviaurl7 no ther-
mestatting ig necessary. Moreover, its anticonvective wall-
effectl7 garantees an orientation independent stable per-
formance. All electrode compartments and detectlon systems
are of the conventional type and have been described in
detail elswhereg.

Fig. 3.3 shows the bifurcation bloc¢k in which the two
separation compartments are cocupled in an "in-line” confi-
guration. The bifurcaticon block, made of acrylic, con-
tains three different channels. The wide bore with an in-
ner diameter of (0.8 mm, contains a conductimetric detec-
tion system, the "tell-tale" detector, and can ke connec-
ted with the preseparation compartment. A second boring
with a small inner diameter, &.¢. 0.2 mm, liez in line
with the wide horing and forms the connection to the sepa-
raticn compartment. The connection with the counter elec-
trode of the preseparation mode, Fig. 3.3-e, is formed by
a flat channel, width 1 mm and height 0.05 rm, and is per-
pendicular to the "in-line" separation compartment borings.

In the preseparation mode the electrode compartmants
2 and e are used and the sample is separated at a high
driving current. The sample zones migrate toward the bran-
ching of in the bifurcation block. Using the electrode
compartment ¢ not relevant zones are allowed to vent,
whereas separand zones can ke trapped into the separation
compartment using the counter electrode j.

The dimensions of the flat channel are chosen as to
minimize diffusional and disturbing effects and allow Oop—
timal trapping. Though the f£lat channel hasg only a gap
width of 0.05 mm still high driving currents in the



a
Fig. 3.4 The out of line bifurcation.
a: gaparation ecapillary, b: preseparation capillary,
a: vent, d: tell-tale detector.

preseparation mode c¢an be used due to the effective heat
removal of the flat channel. In the preseparation boring
of the bifurcation block a conductimetric detection system,
the "tell-tale" detector, is mounted. The separand zones,
passing this detecter, will need a definite time to cover
the distance hetween the peint of detegtion and the bran-
ching off. For a given electrolyte system and driving cur-
rent this time the delay time t, is invariable and can
easily be measured, As a result this detector can be used
to decide at which moment the instrument should be swit-
ched from the preseparation mode to the separation mode.
Ancther construction for coupling the two separation
compartments is shown in Fig. 3.4. In this case the two
separation compartments are not in-line. The bifurcaticn

e o

Fig. 3.5 The trapping valve.
a: separvation capillary, b: preseparation eapillary,
cr vent, d: tell-tale detector, eg: adjusting-nut.

1331



block consists of an acrylic T-piece with a large boring
of 0.8 mm and perpendicular to this the small boring of
0.2 mm. The "tell-tale" detector is mounted separately.
Though this type of coupling has proven to work satisfac-
torely the in line configuration has teo be preferred, sin-
ce the latter prevents gravitional settling.

The third possibility for coupling is the use of a
disk-type valve instead of the bifurcation block, Fig. 3.5.
Again a conductimeter is wsed to control the switching of
the valve. Since the trapping velume can be varied using
a disk with multiple borings, this configuration seems par-
ticular applicable for micropreparative work and ocff-co-
lumn techniques.

Essential for optimal functioning of the coupled co-—
lumn system is that the two counter electrode compartménts
can be connected with the power supply separately. In the
preseparation mede the electrode compartment of the sepa-
ration capillary must be detached from the power supply
and no leak current through the separation compartment
should occcur. In the trapping and separation mede the
counter electrode of the preseparation compartment must be
detached from the power supply, whereas the electrode of
the separation compartment must be connected. During trap-
ping and the final separation no leak ¢urrent should occur
through the preseparation electrode compartment and since
this compartment can he at relatively high voltage it re-
guires a perfect elegtric insulation. It should be empha-
gized that even a small current leak during trapping will
result in incomplete and irreprodugible trapping. Any cur-
rent leak during detection will have a deleterious effect
on the time-based zonelength. In the coupled golumn system
this galvanic separation of the two electrode ¢ompartments
is realized by the use of vacuum high voltage relays
(Kilovac Corp. 5t. Barabara, Cal, USA). To prevent any
current leakage through the "tell-tale” detector this de-
tection system is mechanically disconnected in the final

separation mode.
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Automation of the ceoupled solumn syatem

Though the ¢oupled column system can be operated ma-
nually its automated operation iz more convenient. The ba-

sic operations for automatic handling are shown in Fig. 3.6

FReset
Start amalysis _—;.-A. _______ {
Courter A  —————

Counter A in
Comparacore TT detector

_______ _JCourmter B in
Cormparator in

Counter B —a—1ty4 o .
ounta
Stop display A

€ Change driving currans
1 Change counter siectrode
Counter O —— sy Change detactors

Detact TT detactor

|} Pecorder on
Counter D in

Councer O —=—=t, }
... ..} Recarder off
Driving eurrent off

Pig. 3.8 Automation progcedure.
t.’l

the final separation time, tp ta the recording time.

©8 the preseparation time, T is the delay time, ty ig

Before the analysis is started the driving current for the
preseparation compartment, I., and the final separation,
1'2 should be chosen. Various times, the delay time td’ the
separation time By and the regording time can he stored in
the memory of three counters. The output level of the
"tell-tale” conductimeter is fed to a level comparator.
The conductivity level of the selected zone must be chosen

for the level comparator.

Dliapl HWVR1 ] HVRZ2
TT
detector |

(] (Somearer) | [r] (ellmel 1=
‘ 3
- [Gamy ]~
— [

L.

lCcrunuar‘J Courtan l Ctharj_b_[Eunbar‘ %
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Fig. 3.7 Scheme of the electronic progege control.
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As soon as the analysis is started the countey A is
activated in combination with the display. The various
times can be measured with this counter. As soon as the
signal derived from the "tell-tale" detector matches the
chosen value in the level ceomparator, counter B is activa-
ted. In the memory of this counterx the delay time &, is
stored., After the delay time the following operations are
started simultanecusly; the latch is activated and the dis-
play of counter A is stopped, the driving current is chapn-
ged from 1ts value IJ to Iz via the relays £1, counter &
ig activated and the separation compartment is attached to
the current-stabilized power supply via the high voltage
relay HVRI,

After 100 msec¢ the counter electrode of the pregeparation
compartment is detached via the second high veltage relay
HVR2, Simultaneously, the "tell-tale"” detector is mechani=-
¢ally, i.e. motor driven, disconnected by means of the re-
lay RE. Moreover the conductimeter is switched from the
"tell-tale" detector to the detector of the separation com-—
partment, via relay 3. The display of counter 4 can be
reactivated manually through the latch. After the final
separaﬁion time, stored in counter ¢, has passed the paper
transport of the recorder is started via relay R4. Simul-
taneously the countex [ is activated. After i, seconds,
the recording time, the recorder is stopped and the dri-
ving current Ig is switched off. The equipnent is= now
ready for a new run and rxesetting.

3.2. EXPERIMENTAL PERFORMANCE

One of the most important features of the coupled qo-
lumn gystem is that 1t allows the analysis of samples in
which an interfering congtituent is pregent at a relative-
ly high concentration. In Fig. 3.9 an example is shown of
the analysis of ascorbie acid in a natural orange juice
performed with the conventicnal instrument. The apparatus
wags eguipped with a PTFE separation capillary with an in-
ner diameter of 0.2 mm and the electrolyte systeﬁs and ope=
rational conditions are summarized in Takle 3.1,
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Fig. 8.9 Isctachophoretic zeparation of orange juice.

Operational conditions Table 3.1, Conveéntional equipment.
Sample tead; 0,78 pl, 1/10 diluted.

TABLE 3.1
ELECTROLYTE SYSTEMS AND OFPERATIONAL CONDITIONS

preseparation separation terminating

compartment compartment compartment
Anicn Chloride Chloride MES
Congcentration 0,01 M 0.01 M 0.005 M
Caunter const. HIST HIST TRLS
pH 6.02 6.02 6.4
Additive 0.2% HEC 0.2% HEC -
Priyving current 250 uA 25 pA
uvy 254 nm

In the conventicnal eguipment, the separation ¢ompartment
conditions of the coupled column system were used.

Even when the conventional eguipment was operated at its
full lead ¢apacity, only the citrate zone, the interfering
constituent, could be measured with sufficient accuracy.
The separand of interest, ascorbic acid, is present as a
small zone and the sample lead should be at least one or-
der of maghitude higher for an accurate determination and
this is far beyond the capabilities of the conventional
equipment. The same orange juice in its undiluted form
was analyzed with the coupled column system at a mugh
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Fig. 3.10 Igotachophoretic analysie of crange juice with

the coupled aolumn syetem.

A. Detegtion trace from the tell-tale detector in the pre-
separgtion mode.

B. Detection traeces in the saparation mode.

Operational conditions: Table 3.1, Sample load: 1 ul.



higher sample load., The preseparation compartment with an
inner diameter of 0.8 mm was coupled with a separation ca-
pillary i.d. 0.2 mm, using the off-line bifurcation. Again
the operaticnal conditions of Table 3.1 were used. The re-
sult, as obtained from the conductimetric tell-tale detec—
tor, mounted in the preseparation c¢ompartment, is shown in
Fig. 3,10 A. The leading boundary of the citrate zone pas-—
sed the tell tale detector after 8 minutes. The swamping
amount of citrate was allowed to pass the bifurcation and
approximately 4.5 sec before the next zone boundary reach-
ed the bifurcation the system was switched in its separa-
tion mede. Only a small amount of the citrate was allowed
to migrate inteo the separation capillary together with all
the following separands. The result is shown in Fig. 3.10
B. The total time ¢of analysis was about 15 min. Full guali-
tative and guantitative information could be obtained from
both the conductivity and the UV detector. Using the cali-
bratieon data the ascorbate content preoved to be 586 mg/l.

10a
la} & As0aroic meid
& corvenbrs!
o coupled GOl
obmcimmn %3 HNGIA
rn
b Hippurlg mad
4 coupimd colurmn
moacasn * 1 nmole
a0 [
at
el 20

1 E] 4
1 2

Fig., $.11 Calibration data.

An essential requirement for the coupled column sys-—
tem is that the separand zones must be trapped gquantitati-
vely into the final separation c¢apillary and that its re-
sults should be consistent with those chtained with the
conventional equipment. In a series of experiments, the
calibration characteristics of the coupled column system
were evaluated using ascorbic acid and hippuric acid. The
latter sample congsisted of 5 x lOm4 M hippuric acid in 0.2
M NaCl solution, whereas the former contained only ascor-
bic acid. Again the operational conditions of Table 3.1
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were used. Due to the swamping amount of chloride the hip-
puric acid sample could not be analyzed with the conven-
tional equipment. From the calibration graphs of Fig. 3.11
it follows that the guantitative characteristics of the
coupled column system are comparable with that of the con-
ventional equipment., It should be noted that the calibra-
tion lines do not pass the origin, This is the result of
the fact that some impurities were present in the electro-
lyte systems and is not related with trapping., The use ef
the coupled column system reguires the application of ul-
trapure electrolyte systems, In fact the purity of the
electrolyte systems can be limiting factor for realizing
even higher relative gains.

A second benefit of the coupled column system is that
it a2llows the use of different electrolyte systems in the
preseparation compartment and in the separation compart-

ment.

TABLE 3,2
ELECTROLYTE SYSTEMS AND OPERATIONAL CONDITIONS

preseparation separation terminating
compartment compartment compartment
Anion Chleoride Chloride Glutamate
Concentration 0.0 M 0.01 M 0.007 M
Counter const, HIST BALA HIST
pH 6.02 3.00 6
Additive 0.2% HEC 0.2% HEC -
Driving current 250 pA 25 pA
The analysis in the conventional equiphent was performed
at pHL = 6.02, at a driving current of 25 uA.

In Fig. 3,12 A the geparatlon of some acids is shown in
the conventional instrument. At pHL = 6.02 the seguence of
the separand zones is; sulphate, formate, citrate, acetate,
phosphate + lagtate. The separands lactate and phosphate
can not bhe separated at this pH. Using the coupled column
system the preseparaticn compartment was filled with the
leading electrolyte at pH 6, whereas the final separation
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Fig., .18 Whe use of different electrolyte systems in

coupled column aystem.

1 = e¢hloride, 2 = sulphate, 3 = formate, 4 = eitrate,
acatate, € = phosphate, 7 = lactate, 8 = glutamate.

R = inereastng resistance, A = UV at 284 nm, ¢t = £ime
A: Separvation at pHL: & in the conventional egquipment,

le Zoad 1 ul.

tha
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B: Separation with the coupled column syetem. Prasparation

. L
compartmant pHL = 8, geparation compartment pH o 3.

Jample load 3 pl., salective trapping.
¢: As B, completa trapping. Sample load 1.5 ul.

140



compartment was filled with the leading electrolyte at pH 6,
whereas the final separation compartment was filled with the
leading elactrolyte at pH 3, Table 3.2. At pH 3 the sequence
of the separand zones is: sulphatae, phosphate, formate, ci-
trate and lactate, In Fig. 3.12B the result is shown when
two different electrolyte sysyems are used in the coupled
column system, Formate was allowed to pass the bifurcation
and therefore only a small formate zone is present in the
final separation. The separands phosphate and lactate are
now completely resolved., Acetate, constituent no 5, is not
visible anymore as it has a smaller effective mobility than
the terminating constituent at this pH. It should be empha-
sized that in using these two different electrolytes a to—
tal rearrangement of the separation configuration has oc-
curxed, This, of course, will have not always a favourable
effect on the maximal allowable zample load as can be seen
from the separation in Fig. 3.12C. In this case a lowexr
sample load was applied and all the separand zZones were trap-
ped into the final separation ¢compartment. From the separa-
tion it follows that the mixed zone between the relatively
large amount of formate and phosphate hase not been resolved.

—Amaranth red

Epsilon blue

Bromophanol biue

| —-Fluorescain

1min
| |

B r——
Fig. 3.13 Zone elgctropheratia separation with the coupled

aolumn aystem.
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Therefore the choice of electrolyte systems and the moment
of column switching is extremely important when different
electrolyte systems are used in the coupled column instru-
ment

Another field of application of the coupled column sys—
tem is that it can be used for the combination of different
alectrophoretic principles.

TABLE 3.3
ELECTROLYTE SYSTEMS FOR DISCONTINUOUS ELECTROPHORESIS

preseparation separation terminating
compar tment compartment compartment
Anion Chloride MES MES
Concentration 0.01 M 0.005 M 0.005 M
Counter const. HIST HIST HIST
pH 6.02 6.5 6.5
Additive 0.2 % HEC 0.2 % HEC
Driving current 250 uA 50 uA

In discontinuous electrophoresis isotachophoretically stac-
ked zones are zone electrophoretically eluted by choosing
the appropriate electrolyte and experimental conditions 19.
With the coupled column system the electrolyte conditiong
can be found rather easily: in the preseparation capillary

a isotachophoretic leading-terminating electrolyte system
has to be applied, whereas in the final separation capilla-
ry a zohe electrophoretic electrolyte system must be uged.
Fig. 3.13 shows the zone electrophoretic separation of some
anionic dyes, analyzed with the operational system of Tak-
le 3.3. The isctachopheretically migrating separands weare
trapped into the zone-electrophoretic electrolyte system,
filling the final separation compartment. As can be seen
from Fig. 2.13 a good separation is obtained and the result
is at least comparable with the zone electrophoretic sepa-
rations shown in Part 2 chapter 1. ‘

Due to the faet that the migration configuration has not
changed the isotachophoretic separation functioned as a
almost ideal injecticon for the zone electrophoretic analysis.



3.3. CONCLUSIONS

Column c¢oupling in isotachophoresis alleviates the pro-
blems that are encountered analyzing samples that contain
ionic solutes at laxrge concentration differences. Using a
two dimensional system interfering lonic solutes can be re-
moved from the isotachophoretically migrating sample hy se-
legtive column switching. In comparison with conventional
equipment the coupled column instrument allows a high sam-
ple load without a ¢onsiderable inerease in the analysis
time. As the instrument comprises two geparation compart=
ments different electrolyte systems can be applied and com-
binations of different electrophoretic prinaiples are allo-
wed .

REFERENCES

1. B. Gustavsson and A. Baldepnsten, J.Chremategr., 165
(1979), 83.

2. L. Arlinger, J.Chromatogr., 21 (1874) 785.

3. M. gvoboda and J. Vacik, J.Chromatogr., 119 (1976) 339.

4. J. Wielders, Thesis, Eindhoven University of Technology,
Eindhoven (The Netherlands) 1978.

5. U. Moberg and §. Hjalmarsson, J.Chromategr., 181 (1980)
147.

6. F.Mikkers and 8. Ringoir, Biochem. Biolog. Appl. Isota-
chophoresie, A. Adam and C.Schots (Eds), Elsevier, Am-
sterdam (1980) 76.

7. F. Everaerts, Th. Verheggen and F.Mikkers, J. Chromategr.,
169 (1879) 21.

8. P. Bocek, M. Deml and J. Janak, J. Chromatogr., 156 (L978)
323.

9. F. Everaerts, J. Beckers and Th. Verheggen, Ieotachopho-
regig, J.Chromatogr. Libr. Vol. €, Elsevier, Amsterdam—
Oxford-New York, 1976.

10, W. Preetz and H. Pfeifer, Talanta, 14 (1967) 143,
11. F. Everaerts, J. Vacik, Th. Verheggen and J. Zugka, J.
Chromatagr., 49 (1970) 262.

143



12,

13,

14.

15,

6.

17.

18

19.

J.v.d. Venne, Graduation raport, Eindhoven University
of Technclogy, Eindhoven (The Netherlands) 1975.

J. Vacik and J. 2usgka, J. Chromatogr., 91 (1974) 795.
J. hkiyama and T. Mizuno, Bunseki Kagaku, 24 (1975) 728.
Z. Ryslavy, P. Bocek, M. Deml and J. Janak, J. Chroma-
togr., 147 (1978) 446,

Z. Ryslavy, P. Bocek, M, Deml and J. Janak, J. Chroma-
togr., 147 (1978) 369,

Th. Verheggen, F. Mikkers and F. Everaerts, J.Chromato-
gr.,-132 (1877) 205.

Th. Verheggen, F. Mikkers, D. Kroonenberg and F. Ever-
aerts, Biochem. Biolog. Appl. Isotachophoresis, A. Rdam
and C. Schots (BEds), Elsevier, Amsterdam {1980) 41.

L. Qrpstein, Anwn. N.Y. Adead. Sei., 121 (1964) 321.



CHARTER 4

Separation of uremic mMmetabaolites

Uremic blood sera contain, in
gompdrigon with normal sera a
large excess of low molecular
wetght anionie eclutes, that
are oniy partially removed by
hemodialysie. Investigations
on Middle Molecule fractions
with gas chromatography, tsoe-
tachophoresis and liquid chro-
matography could not subatan—
tiate the Middle Molecule hypo—

thesis.

4.0. INTRODUCTION

One of the main functions of the kidneys in man is
the excretion of metabolic waste products. They are one of
the most important operating units in majintaining the fa-
vourable chemigal environment of the body fluid system.
The kidneys can be affected selectively by diseases that
cause elther gradual or sudden impairment ¢f function. In
terminal chroniec renal failure life canncot he sustained
without some substitutieon for renal function. Thouygh trans-—
plantatien is probably the most optimal solution, patients
with chronie renal failure generally hawve to be submitted
to intermittent hemodialysis or other dialysigs and ultra-
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filtration procedures. The patients show a complex of
symptoms, usually ¢alled "the uremic syndrome®” or "uremia".
Many cf these symptoms are related to & disturbance in the
homeostatic or regenerative function of the kidneys, which
results in retention of metabolic products and in disor—
ders of hormeonal and metaboelie function.

Until the early 1960's, dialysis activities were Lli-
mited to the treatment of acute renal failure. But when
the preoblem of repeated access to the blood circulation was
solved by Scrihnerl, regular dialysis treatment of termi-
nal renal failure became possible. By removing, be it par-
Lially, the accumulating waste products, the clinical ma-
nifestations of uremia can be alleviated and many of the
patients can persevere life in an "acceptable" way. Ade-
gquate dialysis implies the removal, or even retention, of
the right substances in the right way and te the right
extent. Though this may seem to he a medical-technical
proklem, it iz obvious that analytical chemistry can pro-
vide important "diagnostic" tools.

With the increasing refinement in analytical chemis-
try the number of chemical substances, that have been pro-
ven to accumulate in c¢hronic renal failure, has grown
vastLyz_E. Nevertheless it hag not been pogsible to attri-
bute the broad spectrum of uremic symptoms to the agcumu-
lation of known chemical substances. This can be due to
tha fact that the ¢riteria for a uremic¢ toxin are not
uniform, whereas in addition antagonistic, additive and
gynergistic effects may play an important rele, The search
for uremic toxins has been highly specific, assessing the
possible toxiecity of single known substances, The importan-
¢a of various inorganic substances, such as sodium, pot-
agsium, magnesium, trace elements, phosphate and even wa-
ter is well dccument@d7_13. But even in the absence of
gross abnormalities in water and electrolyte metabollsm
many uramic symptoms oecur in patients with terminal renal
failure.

Numerous organic substances are known to accumulate

in chronic renal failure, varying from very simple mole-
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cules, e.g. urea, to complex molecules like Bz-microglobu~
lin. There are indications that many of the retained com-
ponents can act as ¢ell toxins and ensyme inhibitors or
may cause abnormal membrane trangport in tissue and cellsS.
Many authors have investigated the role of lower molecular
weight substances, such as guanidines, guanidinc acids,
amine acids, amines, phencolic acids, polycls etc.2'4’14_18.
Though in many cases appreciably increased concentrations
in the body fluids were found, the relationship between
the uremic symptoms and the ingreased concentration levels
generally failed. In this respect it should be emphasized
that most of these studies aimed at a specifioc agoumalant or
a spacific ¢lass of accumulants. It seems that for an ade-
quate assessment of their significance a multifactorial
approach iz necessary. In 1965 Scribnerl9 suggested that
with more permeable dialysis membranes certain accumula-—
ting substances could be more efficiently removed. This
suggestion stemms from the ¢linical finding that patients
on long term peritoneal dialysis were doing well, in spite
of the relatively high serum concentrations of creatinine,
uric acid and urea. It proved that not only the permeabi-
lity was important for the efficiency of dialysis, but al-
20 the membrane surface area and the number of hours of
dialysis per week. In the resulting Square-¥eter-Hour hy-
pothesis these parameters were related20. The original
suggestion however postulated the presence of unknown, but
pathophysiologically important molecules with a molecular
weight intermediate to that of rather small accumulating
substances, i.e. molw, < 500, and large soclutes such as
lipoproteins, polypeptides and proteins. In 1972 the name
mz-hr hypothesis was changed to Middle Moleculs hypothesis
21. Since the proposal of the middle molecule hypothesis,
large surface-area dialyzers have been increasingly used
to reduce dialysis time. Babb and Scribnerz2 developed the
concept of the dialysis index to facilitate gquantitation
and pregscription of dialysis therapy.

Though there was some glinical evidence for the
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existence of middle molecules, their role in uremic toxi-—
city remains controversial, Nowadays the middle molecule
hypothesis comprises serum solutes with a molecular weight
range of 500 to 2000. In dialysis patients such molecules
may accumulate to a greater extent than small molecules,
due to their relative low permeability across the dialysis
membraneg.

Obviously many investigators have tried te analyzs, iden-
tify and isoclate middle molecules. Most groups have used
gelfiltration for separation and identification of com—
pounds in the middle molecular weight range and used UV-

22-136

detection . Only few investigators claimed to have iso-

lated or identified a specific solute of the reguired mo-
lecular weight37_40. Generally the results of gelfiltra-
tion analysis are ftaken as a gquantitative measure for ac-
cumulation and elimination of middle melecules, Moreover
middle molecular weight fractions of gelfiltration showed
in vitro toxicity effects, such as inhibition of glucose
utilization4l, inhibition of phagocytic activity and inhi-
bition of activity of a number of enzym9843_44’14’37.
Though many investigators emphasize the importance of mid-
dle molecules Lt shonld be noted that no convinoing ana=-
lytical demonstration of their presence has been given. As
such the middle melecule hypothesis is still a hypothesis
that remains te bhe provean.

In recent vears however some research groups have
fallowed a screeniny approach to the problem, in which che-
mical multicomponent analyses of biological fluids, deri-
ved from uremie patients, play an important role. The ob-
vious drawback of such an approach is the extraordinary
complexity of such fluids. Many methodological choices
have to be made as the accumulating solutes ¢an be very
different; volatile-non wolatile, low molecular weight-
high molecular weight, iomic-non ionic. As a result va-
rious analytical technigues have to be used. Analytical
chemistry has been successfull in the development of tech-
nigues that permit separation, identification, guantifica-
tion and isolation of many metabolites in biolegical
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fluids . The choice which. technigues have to be applied is
in practice further limited by financial and manpower fac¢ili~
ties. In our screening approach four different techniques
are used: Tsotachophoresie, gac chromatography. ligutd chro-
matography and mage-gpectrometry. For ildentification of
soluteg and to increase the differentiating capabilities

the variouz technigues can be combined. The results of
such a multifactorial approach will have its spin <ff in
several ways. They should decrease our Lgnoranca2 on which
accumulating solutes are important and will increase the
knowledge on metabolism and homeostasis,

For the analysis of ionic solutes only few analytical
techniques are available. Isotachophoresis is ccompatible
with the basic requirements for screening approach proce-—
dures; multicomponent information, rapid completion, re-
liakbility and low cost. Morecover, the flexibility of the
technique offers a vast spectrum of possibilities for de-
tailed studies, Thexrefore isctachophoresis will providse
useful information on the ogeurrence of ionic solutes in
uremic biological fluids.

4.1. BEXPERYMENTAL

Isotachophoresis was performed using the egquipment
developed by Everaerts et al.45. The geparation compart-
ment consisted of a polytetraflucora-ethylene capillary
with an inner diameter of 0.2 mm and an ocuter diameter of
0.4 mu. The direct and constant electric driving qurrent
was taken from a Brandenburyg (Thornten Heath, UK) high
voltage power supply. Separated zones were detegted by
measuring the electric conductance as well as the UV-ab-
sorbhance at 254 nm. Electrolyte systems and other opera-
tional ¢onditions are summarized in Table 4.1.

To increase the experimental performance 0.2% hydroxyethyl-
cellulose was used as a viscous additive. The electrolyte
system 3 of Table 4.1 is of a non—conventional

type as two counter constituents are used. The leading
electrolyte was prepared by dissclving TRISHCL buffer in
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TABLE 4.1
ELECTROLYTE SYSTEMS AND OPERATIONAL CONDITIONS

Paramater System no.

1 2 3
pH 3.50 6.02 8.10
Leading constituent c1 cL” 1
Concentration (M) 0.01 0.0l 0.01
Counter constituent BALA HIST TRIS/NE, "
Terminating congtituent CAPROIC HEPES OH
Concentration (M) 0.01 0,01 ~
Additive 0.2% HEC 0.2% HEC 0.2% HEC
Rriving current 25 uA 20 WA 30 ua

water at a concentration of 0.01 M. The desired pH was ob-
tained by the addition of ammonia. The use of two counter
constituents allows a large pH difference between the lea-~
ding and the terminating electrolyte., As a result hydroxyl-
iong can be used as the terminator. A sclution of barium-
hydroxide, pH 10.5, was used as the terminating elegtrolyte
and the precipitate of barium-carbonate, due to the car-
bon-dioxide content of the water, was removed by filtra-
tion. The performance characteristics of this electrolyte
SysStem are hetter than those of conventional electrolvte
sygstems, in which generally an amino acgid of doubtful pu-~
rity is wsed. Scparation times were generally less than
twanty minutes and samples were introduced using a micro-
liter syringe.

In the screening approach alse high resclution gas chromato-
graphic separatiens were performed following the procedure
46

of Echoots In the GC-procedure sample pretreatment com—

prised ultrafiltration, evaporation and derivatization.
For identification mass-spectzometry was useﬂ46'47. High
performance liquid: chromatographic separations were done in
the revexsed phase mode using a buffered water-methanol
gradient48. Serum samples were ultrafiltered before appli-
cation, Gelfiltration wzg performed on Sephadex G-15 in an

ammonium acetate buffer The eluate was fractionated and



lyophilized. Relevant fractions were reanalyzed by isota-
chophoresis, gas chromatography and liquid chromateography.

If the removal of high molecular weight substances
was reguired an ultrafiltration procedure was used. Pres-
sure ultrafiltration was carried out in a micro-cell50
using membranes of the reguired molecular weight cut-off.
All membranes were carefully soaked in distilled water
kefore use. In additional experiments cone-type ultrafil-
tration filters, that can be used in a centrifuge, were
applied. ALl membranes, including the cone typea, wars pur—
chased from Amicon (Qosterhout, The Netherlands). Por re-
moval of proteins the filters XM50, PM30 and CF25, with
nominal mol. wt, cut-off of respectively 50.000, 30.000 and
25.000 were used.

Phagocytosis was studied by a modified method of
Baehner at the analytical laboratory of the Nephrological
division of the University Hospital of Ghent (Belgium)dz.
The burst of the metabelic activity, that is normally as-
sociated with phagocytosis was measured directly by 14602
generated Lrom glucose—1—14c by the hexose monophosphate
shunt, Whole hlood, collected from normal persons, was
incubated with glucose-l-l4c. Phagooytogis was initiated
by the addition of polystyrene latex beads or zymosan at
37°¢ for 1 hour. 14C02 was trapped on a filter and <¢oun-
ted with ligquid scintillation. Inhibition of phagogytosis
by uremic ultrafiltrate, gelfiltration fractions, normal
urine and appropriate referenge samples was studied.

Blood samples of uremic patients, before and after
hemodialysis,ultrafiltrates and urines were obtained from
the Nephrological Division of the University Hospital of
Ghent (Belgium). Patients had different eticlogles and
were subjected to several dialysis strategies., ALl samples

were stored at -20°C until use.

4.2, RESULTS AND DISCUSSION

Applying isotachophoresis as a screening approach
much information must be obtained in a relatively short



time of analysis. We therefore limited the time of analy-
sis to 20 minutes at moderate ¢urrent dengities. Concer-
ning the multicomponent information a methodological ¢hoi-
ce has to be made betwean anionic and ¢ationic separxations.
Preliminary experiments showed that c¢ationic profiling of
uremic sera gave only minor differences in comparison with
normal sera, On the other hand, anionic¢ separations showed
more deviaking results. 50 we ceonfined our investigations
mainly to the anionic separation mode. Anionic separands
will have sufficient electrophoretic mebility, provided
the pH of the leading electrolyte is sufficiently high.
For the anionic profiling of uremic sera, Fig. 4.1, an
elegtrolyte system at a high pH was used. The operational
conditions for this electrolyte gystem are given in Table
4.1, system 3.

phesphate —1 e 4 H -1———-—.--—L___-__.¢
lactuts -3 g,—h_,— v
gcetate -2 |
alburmin - | ‘ L Ly
=
B

L=

Fig. 4.1 Isotachophoretie sevum gnalyses at high pH

@: normal gerum, b: wvremic sgrum pre dialyste, ¢; uremia
gerum post dialysia, Injecled volume: ¢.8 ul.

UV: UV absopption at 254 mm, R = increasing vestatance,

t: time, #: Aigh molecular weight region, L: Low melecular
weight regifon.



Fig. 4.1 shows the analytical regults when 0.2 upl of nor-
mal, uremic¢ pre and uremic postdialysis, Sera were in-
jected. The uremic samples were obtained from a4 male pa-
tient, age 63 with chronic glomerulonephritis, on intermit-
tent hemodialysis from Jamuary 1977. Dialysis was per-
formed with a poly-acrylonitrile membrane three times per
week for 4 h. in a RP6 (Rh&ne Poulenc, France) open sys-

51.' Due to the swamping amount of chloride and the re-

tem
latively high protein content only a low sample load ¢an
be applied, The differences between the uremic and the nor-
mal sera are evident. The protein region in Fig. 4.1 in-
dlcated with H, in which albumin is the most abundant so-
lute, shows only minor differences. They can be due to the
proteins or to low concentrations of some amino acids,
peptides, purines and pyrimidines, with fairxly high pKa va-—
lue552. The major differences however occur in the lower
molecular weight region and many ©of the accumulating solu=
tes have UV absorption at 254 nm, The sgomewhat poor diffe-
rentiation in this region is the analytical price for the
zuccesful attempt to stack as much anionic solutes as pos-—
sible. The large zone betwsen lactate and phosphate is
mainly c¢arbonate, originating frem the electrolyte system
and the sample. Comparing the analyses before and after
hemodialysis, it follows that the accumulating solutes
have been remcved only partially. Moreover acetate, origi-
nating from the @ialysate, is clearly visible. Though this
electrolyte system seems very attractive for studylng pro-
teins in uremia it should be recognized that only moderate
differentiation is obtained., This differentiation can be
ing¢reaged by the use of spadersss, but probably more in-
teresting separations will be obhtained with isvelectric
focusing.

More differentiation can be obtained when the pH
of the leading electralyte is lowered. The electrolyte
system at pH = &, which covers a large spectrum of anionic
solutes, is given in Table 4.1. It should be noted that
many of the proteins, peptides, amino-acids, purines and
pyrimidines, will not migrate isotachophoretically in this
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electrolyte system. Generally, anionic solutes with pKa
values higher than that of the terminator, PK, (HEPE&S) =
7.5, will not be stacked. As some solutes are immobilirzed
at this pH, a higher sample load g¢an be applied. Uremic
sera, however, gan show appregiable fluctuations and there-
fore it is wise to work well below the maximal allowable
sample load. In Fig. 4.2 the separations of uremic sera

are compared with the regult of a normal serum.

Obviously the normal serum differs significantly from the
uremic sera before and afiter hemodialysis. Several aggou-

mulating solutes have been identified54. From the UV-detec-

fommmim = = = = === =

(=3

30 sac
B —_T

Fig. 4.2 Aniontic profiling of uremic and normal sera at
i 6.

@: normal serum, 0.% pl, b: uremic pre dialysie, 0.3 uil,
e uremic post dialysis, 0.3 wl.

1 = ghiloride, 2 = sulphate, % = aeetats, 4 = phosphate +
lactate, § = B-OH-bubyrate, 6 = hippurate, 7 = wurate, 8§ =
albumin.

H: inersqsing vegiatqnee. UV: UV-abeorption 254 nm,

t: time.
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tion traces it follows that the major differences between
the uremic and the normal sera occur in the more mobile
part of the isotachopherogram, indicated in Fig. 4.2 by L.
In this part the anionic low melecular weight substances
with relatively low pK, values, i.e. pKg < 5.5, will mi-
grate, Comparing the UV-traces before and after hemodia-
lysis it follows that the accumulating solutes have been
removed only partially. Moreover, acetate, originating
from the dialysate, iz clearly visible in the uremic se-
rum after hemodialysis. In the second part of the iLsotacho-
phercgram, in Fig. 4.2 indicated by H, anionic solutes
with a rather low effective mobility will migrate. This
part of the isotachopherogram is mainly occupied by albu-
min, as only few low molecular weight substances have pKa
values between 5.5 and 7.5. Using an ultrafiltration step
the H region can bhe easily removed from the isotacho-—
pherogramSE. From the sgeparation profiles it follows that
the differences between the normal and the uremic sera
are much less pronounced in this part., The minor differen-
ces can be caused by the occurence of albumin-heparin com—
plex in the post-treatment samples. It has been shown that
by the formation of such complexes not only the mobility
of alkbumin, or other proteins, can be increased, but alse
that in this way protein binding of low molecular weight
solutes, can be reduced56. In fact the increased mobility
of the albumin zone is characteristic for the post—-treat-
ment samples.

As the excess of low molecular weight substances is
a characteristic difference betwaen normal and uremic cam-
ples, 1t is advantageous to describe this difference in a
single parameter. This is most conveniently done by taking
.the guotient of the two zone-lengths, H and L. The transi-
tion point between the albumin-zone and the lower molecu-
lar weight region is characteristic for all separationsz,
doﬁe until now, and therefore thiz point is used for deter-
mining the two zone-lengths. It should be emphasized that
the HL ratio does not provide dirsct guantitative infor-
mation. The HL-ratio for normal sera always is signifi-
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cantly higher than unity, indicating a relatively small
content of the anionic low melecular weight solutes. For
uremic sera the pre dialysis values are generally smaller
than unity, due to the excess of the accumulating solutes.
As acetate is metabolized rather quickly after hemodialy-
51557'58, the HL-ratic should he corrected for this zone-
length54. In order to study the relevance of this ratio a
patient was screened during several weeks of hemodialysis.
The patient (female, age 38, c¢hronic glomerulonephritis),
was since August 1975 on intermittent hemodialysis. Dialy-
2is was performed with a RP6 (Rh6ne Poulenc, France) open
system three times per weelk for 4 h, The strong similari-
ty of the separation profiles indicated that the patient
was well stakilized and gave a fairly ceonstant respons to
intermittent hemodialy51554. In Table 4.2 the measured HL-

ratios have been summarized.

TABLE 4.2
HL-RATIOS:; HORMAL-, PRE-~ AND FOST-DIALYSIS VALUES

Serum Hl~ratio mean  ovik

Normal 110 1,25 1.22 1.17 1.18 1.18 5
Urenic pré  0.86 0,91 0.91 0.79 0.86 0.84 0.77 0.72 0.82 8
Uremudc post  1.19 1,15 0.94 0.90 1.10 1.03 0.98 1.00 1.06 10

o.v. coefficient of variation

Pozt dialysis values, corrected for the acetate contents,
were slightly larger than unity, suggesting a correcticn
towards the nermal value,

As can be expected patients with chronic genal failure dao
not form a homogensous group. Figure 4.3 gives some sSepa-—
ration profiles of different patients before hemodialysis.
Patjents with a very large excess of anionic lower molecu-
lar weight solutes will have a low ratie, e.g., HL = 0.68.
Az gan bc seen the sseparatlieon profiles ¢an be very diffe-
rent. The example with HL = 1,19 is hardly deviating from
normal. The samples show as well differences in the lower
molegular weight part, L, as in the higher molecular
weight part, H. The differences in the latter part, how-

ever, are much less pronounced. In Fig., 4.3 also the
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Fig. 2.3 UV-geparation profiles of diffevent patients.
Operational system 2, Table 4.1, injected volumg 0.3 Ul
serum. HL: HL-vatio, U: uvea (mg/100 ml}, (: oreatinine

(mg/100 ml), RP6: Polyacvylonytrile, 1.0 mg, Rhdne Poulenco

(Franeel), VITA Z: Cupvophan, 1.2 mg, Belleo Spa (Italy),

G.M.: Cuprophan, 1.8 ma, Ab. Gambro (Swedsn).

urea and creatinine concentrations and membranes of the
dialyzer are given.

A HL ratio, which is cleose to normal, hardly improves by dia-—
lysis whereas the effect on low HL ratios can be apprecia-
ble. From Fig. 4.2 it follows that not only the condentra-
tion levels of the various acumulating solutes can differ
but also the acumulating solutes can be different. The se-
paration profiles of Fig. 4.2 are some representative
examples, taken from a group of 27 different patients.
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tioneg, pre dialysis valuee.
From the sera of these patients the HL-ratios, creatinine

In Fig, 4.3 the
pre dialysis values are ¢ompared. As well the urea concen-—

and urea concentrations were determined.

tration as the creatinine congentration proved to he sig-
nificantly correlated to the HL-ratio on the 95% probabili-
ty level. From both the Figs. 4.3 and 4.4 it ¢an be conclu-—
ded that uremic patients form a rather heterogenic group.
This heterogeneity «an be the result of the impairment of
differences in
diffe-

in diet and way of living,

renal function, secondary complications,

biological parameters, such as age and body weight,
rences in dialysis treatment,
rcnal restfunction ete. An adeguate assessment of all
these factors will require a large and more selected group
of patients. All HL-ratios improved after hemodialysis but
nog significant correlation was found any more for the
urea and ¢reatinine concentrations with the HL ratio.
Whereas the electrolyte system at pH 6 can be used
for a fast screening approach, more differentiation is ob~
tained at low pH. The operaticnal system for anionic sepa—
rations at pH 3.5 is given in Table 4.1. Fig. 4.5 gives
the separation profiles of a normal and a pre dialysis
sample.
Whereas in the normal serum profile, lactate and phosphate
are the most abundant solutes (constituents 5 and 17),

many other apionic solutes axe present in the uremic serum.
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Fig. 4.5 Aniontc separation at low pH of a nermal and «
uremiec serum pre dtalysis.

Operational system. Table €.1 system 1. Injected volume

¢.8 pL. R: inpereasing reststance, UV: UV-abserption 254 nm,
t: time, Constituents: Pabls 4.2

Caproate was used as the terminating ion and therefore
generally only anioniec solutes with a PK, values smaller
than that of caproic acid, pKa = 4.8, will migrate isota-
chophoretically. As many of the solutes do not migrate at
this low pH, the sample locad can he increased in compari-
%on Wwith the analyses at pH 6. Several solutes have been

54,37

identified and are given in Table 4.2.

TABLE 4.2
ANIONIC UREMIC SOLUTES, FIGS. 4.5 AND 4.6

t: tentatively

ne constituent no constituent
0 chloride 17 lactate
1. sulphate 19 A—-0OH-butyrate
2 Arp 20 hippurate
3 pyruvate 21 nicotinate (t}
4 indexylsulphate 24 ascorhate
5 phosphate 25 succinate

8 ADP (t) 22 glutathion (t)
9 citrate 30 acetate

10 orotate iz caproate
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The concentration levels of the various acoumulating solu-
tes again can show appreciable diffarences, but many of

thom are prescnt just below the mM. range. For a guantita-
tive determinatien the UV-spike method ©r the c¢oupled co-
lumn system, Part 2 Chapter 3, has to be used. In rig. 4.6
the separation prefile of the uremic serum after hemodia-—
lysis i5 given. In comparison with the predialysis sample
the cexacss of solutes, as analyzed by isctachophoresis,

has been reduced for approximately 60%.

30 zec c
" uv
rormal dremis

!
v

Pig. 4.6 Antente geparation at pd J.5 of @ normal and a

wremie gerum after hemodialyete.
Uperational system, Table 4.1 gystem 1, Injected voluma
0.8 Wi, Ry dncereqoing resistance, UV: UV-agbsorption 254 nm,

brokdme, eonsbtbtuenta; Tablae 4.8,

Nevertheless the uremic serum after hemodialysis still dif-
fers considerably from the normal one. Moreover, acetate,
originating the dialysate, is élearly visible and can be de-
termined without problem54. This operaticnal electrolyte sys-
tom additionally has been used for the separation of normal
and uremic urines. Normal urine and serum give completely
different separation profilesss as a result of the selective
and concentrating capabilities of the normally functioning

kidnays. In case of renal restfunction, the separation
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profiles of uremic urine and uremic serum show a large
similarity. Almost each solute, which is present in the
uremiq sera, proved alsc toc be present in the uremic uri-
nes, though individual concentration differences do exist.
Uremic urine, that was produced during hemcdialysis or
shortly after it can contain an appreciable acetate con-
cantration.

From all the isctachophoretic separations shown it
follows that the excess of relatively low molecular weight
solutes is characteristle for uremic serum =amples. Pre-
dialysis and post dialysis serum samples have alsc been
investigated with gas-chromﬂtography46 and liguid chroma-
tography48.
Figs. 4.7 and 4.8.

In the gaschromatographic procedure high melecular weight

Representative chromatograms are shown in the

solutes were removed by pressure ultrafiltration through
membrane filters with a mol. wt., eut-off at 50.000. Ultrafil-
trates were evaporated to dryness and derivatized to silyl
derivatives to enable gaschromatographic analysis. Separa-
tions were performed on glass capilllary columns, coated
with SE-3046. The maethod proved to be reliable, reproduci-
ble and relatively fast. Solutes that were separated and
detacted by this method are related to carbohydrate meta-—
kolism, such as aldoses, aldonie acids and polyels. Also
other organic¢ acids and some nitrogen containing compounds
waere detected. Some thirty solutes have heen identified

in gombination with mass—spectrometry47. From the chromato-—
grams of Fig. 4.7 it follows that the differences in con-
caentration of various solutegs are large. A group of tan
patients showed similar profiles, though individual dif-
ferences did occur. Profiles from pre and post dialysis
serum show that hemodialysis results in a significant de-
crease of the concentration of many solutes. Comparison

of the separation profiles of different patients re-empha-
sized the heterogeneity of the uremic patient group.

In the liquid chromategraphic procedur348 proteing were
removed from serum using Amicon CF 25 ultrafiltration £il-

ters with a mol, wt. c¢ut-off at 25.000. Analyses
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Fig. 4.7 Gaschromatographie profiles of ultraftlteraed

savum Ffrom an uremic patient before and after hemodialysis
and [from a pool ¢of non-uremic sera.

§r urga, 10 phosphovie aeid, 11: glycercl, 18: tavironia
actd, 33: threonine, 86b: homoserine, 30! A-pyrrolidong-&=-
carborylic avtd, 32: thrediol, 33; erythritol, 3i:;: erybhro-
nia caid, 40«: tavlbarie aeid, 49; arabinitol, 55: arablino-
nte aoeid, 38: cttrte asid, 58 fructose 61: galactoss,

§6: glucono—1,4-lactone, 67: a—-D-glucese, 78: mamnitol,

75 B-b-glucoess, 78a:r glusonie asid, 78: nmye-ineositol.

were done in the reversed phase mode, Cl8 chemically modi-
fied silica, using a buffersd water methanol gradient. Elu-
tion was achieved with a 60-minute linear gradient program-
med form 0.05 M agquecus ammenium formate, pH 4, to metha-
nel. The c¢olumn effluent was monitored with UV detection

at 254 nm, and several peaks were qollected and identified
with off-line mass-spectrometry. From Fig. 4.8 the diffe-
rences between the normal and the uremic sera can be geen.
In the normal serum urig acid, hippuric acid and hypoxan-
thine are the most abundant solutes. The uremic sera, how-
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however, contain nuamerous other solutes with Uv-absorbing
properties at 254 nm. Some of them are given in the legend
of Fig. 4.8. Other UV-absorbing solutes probably belong to
the class of purines, pyrimidines, phenolic and indolic
acidsEg'Go.

From all the separations shown, it follows that the
excess of relatively low molegular weight substances is
characteristic for the uremie state. According to the mid-

dle moleculs hypothesia®0s21

solutes in the molecular
weight range of 500-2000 should accumulate in uremic se-
rum. The allocation of this molecular weight range is
mainly based on gelchromatographic results, The relation
between retention volume and molecular weight for these
substances is however rather poor32, as many non size re-
lated retention mechanlsems dominateﬁl. Zimmerman reanaly-
zed middle molecular weight gelfiltration fractions and
ion—exchange reprocessed subfractions with isotachophore-
31940. Both the gelfiltration fractions and the subfrac-
tions proved to contain several Uv-absorbing solutes of
rather high effective mobilities. The applied electrolyte
system ig almost egual to the system 1 of Table 4.1 at pH
3.5. The authors suggest that the separated solutes are
peptides with a molecular weight of approximately 1000.
This is however rather unlikely as such peptides only can
be analyzed as anionie constituents by isotachophoresis

at a high pH of the leading electrolyte. At low pH they
will migrate as cations or will not migrate at all. The
mobilities and UV-absorbing properties indicate that the
analysed solutes belong to the class of low molecular
weight organic acids, with fairly low pKa values., Possible
candidates probably can be found amongst the substitued
hippuric- and bkenzoie agids or nucleotides,

In order to obtain more detailed information on mid-
dle molecules gelchromatographic fractions were analyzed
with isotachophoresiz, high performance liguid chromato-
graphy and high resclution gas chromatographysz. Lyophili-
zed gelchromatographic fractions from ultrafiltered

mal serum, normal urine and several uremic ultrafiltrates
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were investigated. The operational conditions for gelchro-
matography are given in Table 4.3

TABLE 4.3
OPERATIONAL CONDITIONS FOR GELCHROMATOGRAPHY

Column length &0 ¢m, i.d. 1.6 ¢m
Gel Sephadex G-15

Eluent 0.3 M NH4Acetate

Flow 15 ml/h

Detaction gv: 206 nm, 280 nm
Fractions 5 ml

Sample load uremic ultrafilirate: 5 ml

normal serum: 2 xl
normal urine: 2 ml

The ammonium acetate eluent was chosen as it is esasily re-
moved during lyophilization. Bach fraction was divided in
three parts which were, after lyophilization, used for ana-
lysis and the measurement of phagoaytosizs inhilbition.

In Fig. 4.9% the gelchromatogram and the fractions are gi-
ven., Middle molecules are supposed to eluate in fractions
11=15. The fractions of the ultrafiltered normal serum
showed no signigicant inhibition of phagocytosis, whereas
the middle molecule fractions gave considerable inhibition.
All fractions of the firsti part ¢f the gelchromatogram,
i.e. fraction no, 3-18 in Fig. 4.9, were analyzed with iso-
tachophoresis, gas chromatography and ligquid chromatography.
It proved that almest the entire gpectrum of accumulating
low molecular weight solutes, that normally are found in
uremic ultrafiltrate, eluate in the middle molecular weight
region. In Fig. 4.% the distribution of some indentified
solutes is given. Moreover numerous solutes, that have not
yet been identified were present. Some representative re-
sults are shown in Fig. 4.10. All the identified sclutes
have rather low molecular weight, but nevertheless sluate
in the mlddle molecule region, Though some separation has
ocourred Figs. 4.9 and 4.10 emphasize the fact that gelchro-
matography cannot be used as a size discriminating separa-
tion technigue for solutes of intermediate molecular weight
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Fig. 4.9 Gelchromatographic separation of wremic ultrafil-
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166



GAS CHADMATOGRAPHY FRASTION NO 1d
RELUICOSE

L SLUCOSE
MYD INORITOL
W EFYTHAITOL
E=3
ractictla
& —-
ISOTACHOPHORESIS FRACTION MNO 12, AMIONS' P 35
f uv
i
H
i
f
i
!
i
i" ——t
!
ZULPHATE

PHOSPHATE

: |
R

FRACTION WO 13

UQUID  CHROMATOGRAPY

rect 1020l
>
Pig, 4.10 Analyeis of z middle molecule fraction with

gas chromatography, liquid chromatography and fsotacho-

———

phorssts.
167



4.3. CONCLUSIONS

Isotachophoresis provides multicomponent information
of uremic serum samples in a relatively short time of ana-
lysis. Due to the minimal sample pretreatment and standar-
dized experimental conditions the results have good repro-
ducibility (and a high reliability).

In anionic separations appreciabkle differences are found
between uremic and normal sera, whereas in cationic sepa-
rations only minor differences cecur., Differentiation can
be increased by choosing appropriate electrolyte systems.
Anionic separations at a high pH of the leading electre-
lyte will include the analysis of proteins. Due to the
relatively high protein contents of serum only a low sam-—
ple load can be applied. Anionic profiling at pH = 6 will
involve the analysis of albumin and the low molecular
weight anionic solutes, Uremic sera show a large excess of
low molecular weight solutes in compariscon with normal se-
ra. For isotachophoresis this can be expressed in the ra=-
tic of high meolecular weight solutes to low molecular
weight anionic solutes: the HL-ratio., Uremic sera

show HL-ratios that are smaller than normal sera, dialysis
increases the HL-ratio. Uremic patients form a heterogenic
group, when the accumulating solutes are measured with iso-
tachopharesis, gas chromatography and high performance li-
guid chromatography. Several selutes have been identified
and proved to have a rathexr low molecular weight.

Investigations on middle molecule fractions, obtained
with gel chromatography, showed that these fractions con-—
tain numercous solutes of low molecular weight. As a result
the significance of the determination of "middle molecules",
having molecular weights between 500 and 2000, by gelchro-
matography is highly questionable.
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CHAPTER 5

Determination of valproic acid in

hurman serum

An taotachophoretic procedurs
For the determination of the
anticonvulsant valproie acid
in serum te given. The proce-
dure requires only miereo Li-
ter amounts of sample and no
gample pretreatment 15 neces-
gary. Quantitative determina-
tiong aan be dome at the tha-
rapeutic level within fifteen
minutes. Results are compared
with a routine gaschromategra—

phiz procedure.

5.0. INTRODUCTION

Sodium valpreoate 1s known as a useful anticonvulsant
drug in primary generalized epilepsyl. The concentration
of the anticonvulsant in serum is of importance for the
correct treatment of epileptic patients, especially in es-
tablishing the pharmacotherapy. Optimal therapeutic serum
concentrations are known to be approximately 60 pg/ml,

Several gasghromatographic preocedures have been des-

cribedz-g, each with its own advantsages and limitations.
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A disadvantage, common to all gaschromategraphic procedu—
res, iz the treatment of the sample prior to chromatogra-
phy. Dependent on the specific procedure, sclvent extrac—
tion, derivatisation and evaporation have to be used,
Isotachophoresislo reguires no sSample pretreatment

and only minute amounts of sample are necessary for an ac=
curate determination. Since valproate is an Lonic solute
and its therapeutic concentration level is just below the
millimolar range, it is possible to determine it directly

by analytical iscotachophoresis.

5.1. EXPERIMENTAL

All chemicals were of analytical grade or additional-
ly purified by conventional methods. Sodium valproate was
obtained from Labaz (Maassluis, The Netherlands), Test-
and reference sera were obtained from a hospital dispenso-
ry (Apotheek Haagse Ziekenhuizen, Den Haag, The Netherlands).
In addition to valproic acid the testsera contained pheno-
barbital, phenytoin, etheosuximide, primidone, clonazepan,
carpamazepine and 10,1i-epoxycarbamazepine. ’

Serum samples were taken from vencus blood; after clotting

and centrifugation the serd were stored at -20% until use.

Gaschromabography

For the gaschromatographic determinationz a Packard
Backer 42) chromatograph was used. Separations were per-
formed in a glass column 1.5 m x 4 mm I.D., packed with &%
FFAP On Chromosorb WHE, 80-100 mesh (Free Fatty Acid Phase,
Chrompack, Middelburg, The Netherlands). The injection tem-
perature was 1600C, whereas the oven temperature was kept
isothermal at 150°C. Witrogen was the carrier gas and FID
detection at 175°¢ was used. Cyclohexanscarbonic acid was
applied as the internal standaxd.

Isotashophorests

For the isotachophoretic separations the coupled co-
lumn system, Part 2 Chapter 3, was used. The inner diameter
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of the preseparation compartment was 0.8 mm. At a leading
ion concentration of 0,01 M an electrical driving current
of 3177 A was used. The valproate zone was trapped into
the analytical column, which had an inner diameter of 0.2
mm. The electric driving current in the analytical co-
lumn was 10 pA. The electrolyte systems and other opera-
tional conditons are given in Table 5.1.

TABLE 5.1
ELECTROLYTE SYSTEMS AND OFERATIONAL CONDITIONE

preseparation separation terminating

compartment compartment Ccompartment
Anion Chloride Chloride MES
Concentration 0.01 M 0.005 M 0.005 M
Counteyxr Const. EACA EACA TRIS
pH 5.00 5.00 £.50
Additive 0.3% HEC 0.3% HEC -=
Current Demsity 0.075 A/cm®  0.0318 A/cme
Temperature 22%¢ ambient.
uv —— 254 nm

The constant electric driving current was taken from a
modifled Brandenhurg power supply (Thernton Heath, UK).
The voltage varied between 1 and 15 kV. Serum gamples were
injected directly, using a microliter syringe. Separated
zones were detected by measuring the electrio conductance
as well as the UV absorption at 254 nm.

5.2. RESULTS AND DISCUSSION

Onie of the major advantages of isotachophoresis is
that ionic solutes often can be analyzed without sample
pretreatment. Therapeutic levelszs of valproate in serum,
however, differ at least two orders of magnitude from the
physiclegical chloride concentration, Due to this unfavou-
rable sanpling ratio, the electreolyte system will have a
rather low current efficiencylz. Henee, Lor a rellable de-
termination, a large column volume must ke available, re-
sulting in a large time of analysis. Most of these pro-
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blems can be scolved using a coupled system. This system
not only allows the use of high sample load, but also the
use of different electrolyte congentrations, e.g. Table
5.1. For the determination of valproate the concentration
of the leading ion in the preseparation compartment was
0.01 M. At a high driving current sexrum samples were sepa-
rated in approximately 6 minutes. The swamping amount of
chloride was allowed to pass the bifurcation with the ana-
lytical column. The valproate zone was trxapped into the
analytical column, which ¢ontained the leading ion at a
concentration of 0,005 M, Figure 1 shows a representative
rasult when 3 ul of a patient serum was injected. The to-
tal time of analysis was less than 15 minutes, Since trap-

ping was started two seconds before the valproate zone

VALPROATE

b
Fig. 5.1 Isotachopheretie separation of a patient serum.
UV = UV gbsorptiton at E5¢ nm; B = inereasing resietance;
t 5 tnereasing btime. Injected volume: 3,0 pl of serum.

a. Conductimetrte trgee; b, differentiated conductimetric

trgae; . UV Erage, 2854 nm.
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reached the bifurcation peint, some other solutes have
been analyzed additionally. The valproate zone, however,
eagily can be localized in beth the UV trace, Fig. 5.le,
and the conductimetric trace, Fig. 5.1la. From the separa-
tion in Fig, 5.1 it follews that uric acid could have been
used as the terminating ion, instead of morpholine-ethane-
sulfonic acid, Ag a result a lower end-voltage would have
been obtained allowing a further optimization ¢f the time
for analysis.

For the guantitative analyses, the characteristics of
the calibration line, i.e. zone-length versus amount of
valproic acid, were determined. The calibration points
were measured with standard valproate solutions in water
and in serum. Additiconally several testsera, containing
various other drugs were analyzed. A good linear relation
was found with a correlation coefficient of 0,99914 (n =
26)., The response was found to be 6.12 ng/sec and the mean
error per point was 3.8 ng in the detection range of 50-
500 ng, The additienal other drugs did not interfere. The
gaschromatographic procedure vielded also & goed calibra-
tion line, with a correlation ¢oeffigient of 0.99969. In
the detection range of 2-20 ng the mean error per peint
was 0.1 ng. Using these calibration data, valproic acid
concentration levels were determined in the sera of twenty
patients, The isotachophoretic results were compared with
the gaschromatographic results. As can be seen from Fig,
5.3 there is a good relation. The experimental slope de-
viates only one percent from the 1ldeal value of unity. A
positive intercept of 4.9 ng valprole acid, however, is
present. The group mean was 62.1 ng/ml for the isotacho-
phoretic determinations and 57.8 pg/ml for the gaschroma-
tographic determinations. The crigine of the systeématic
deviation is still under investigation. The results of
four different testsera, bovine sera, were for both me-
thods in good agreement with the expected values.

179



(=l

300

T

ng ==
valpragte

20 40 80 =l=]
At (EaC] —-—

Fig. §.% The wvalibration graph for {sotachophoretic wval-

proate delerminabions. oOstandard seluticon in water
@atandard solytion In serum
dteet Terd.

120 S
100 y
80 p

650

04 [+ ag’

TP <
(mafl) /,d
204 9"

20 40 60 80 100 120

GC (ma/)] ——=
Fig. .3 Compavison of gaschromatographic and i8otacho-
phorette ragults, dpatient sera

@tgat serd.

180



5.3. CONCLUZSIONS

Valproate in serum ¢an he determined guantitatively
by isotachphoresis, The procedure requires no sample pre=
treatment and only 3 pl of serum is necessary for the ana-
lysis, Results agree reasonably well with gaschromatogra-

phic results, though a systematic deviatlon exists.
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CHAPTER B

Determination of uric acid in

human serum

An opergtional system is des—
ariped for the isoctlaohophore-
tie determination of uragte in
gerun. Regults show a geod
ggreement with a standard en—
symatic procedure. For the
taataghophoretic determing-
tion only 3 Wl of serum is re-
quired and the sample can be
analyzed without agny pretreat-

ment.

&.0. INTRODUCTION

Uric¢ acid is the end-product of purine catabolism in
man. An abnormal concentration of uric acid in the bhody
fluids may be indigative for a number of disturbances. An
increased sarum congentration, hyperuricemia, is seen in
primary gout: although there is a normal excreticn rate,
uric acid is overproduced or it is underexcretedl. In se-
condary gout, hyperuricemia might result either from in=-
creased nucleic acid turn=-over e.g9. hematologic disorders,
or from decreased renal excretion of uric acid induced by
drugs or dietary factors. Also in a number of genetic dis-
orders, such as glveogen storage disease, Down's syndrome
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and psoriasis, hyperuricemia is a common featurez'l.

The methods currently in use to assay uric acid in
sarum are based on either chemical or enzymatic oxldation
to allantoin. The enzymatic procedure seems to he the me-
thod of choice because of its sensitivity, accuracy and

specificity3’4

. Analytical technigques such as high perfor-
mance liquid chromatography and isotachophoresis can he
applied for the determination of various metabolites in
biological fluids. Methods using HPLC have been reported
for urate in serum5 and urinee. Isotacheophoresis has been
employved in the analysis of noucleotides in muscle extract$7
and urinary purines and pyrimidines, including uric acidB.
Unlike other available methods, such as the colorime-
tric9 and the enzymatic3'4 methods, the determination of
uric acid by HPLC and isotachophoresis is much less hampe-
red by interfering substances, such as drugs and biologi-
cal metabolites. In contrast to HPLC, where generally the
proteins have to be removed by an appropriate sample pre-
treatment, isotachophoresis requires no sample pretreat-
ment. Moreover the ratioc of free to protein urate can be
determined conveniently using a simple ultrafiltration

procedure.

6.1. EXPERIMENTAL

In this study the isctachophoretic coupled column
system, Part 2 Chapter 3, was used. This system is of spe-
cial interest for the analysis of biological samples. In
such samples separands are often present in a relatively
low concentration and the concentration of other solutes
can differ by an order of magnitude, This is the case in
serum, for example, where the chloride concentration ¢an
excesd the concentration of uric acid by a factor of up to
500. In such mixtures the analysis time, required t¢ obtain
sufficient information, i rather large because a high sam—
ple load must be applied. The coupled column system alle-
viates this problem, The system comprised a pregeparation
capillary with an inner diameter of 0.8 m and a final se-
paration capillary with an inner diameter of 0.2 mm. The
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driving ecurrent was taken from a Brandenburg, (Thornton
Heath, UK) power supply and separated zones were detected
using conductimetric and UV-detection systEmslo.
Electrolyte gystems and additional operational conditions
are summarized in Table 6.1.

The enzymatic determinaticns of serum uric acid were
performed in the laboratory of the Department of Neurology
{Univer=ity Hospital, Nijmegen) with an ABA 100 bichroma-
tic analyzer (Abbot, UK). The determination of uric acid
is based on the successive action of three purified enzy-
mes which are added to the reaction mixture: uricase, cata-
lase and aldehyde dehydrogenaseq. The formation of NADPH
from NADP+ in the latter reaction, measured at both 340
and 380 nm) is used for the guantification of uric acid.

TABLE 6.1
ELECTROLYTE SYSTEMS AND OPERATIONAL CONDITIONS

preseparation separation terminating

compartment compartment cQeompartment
Anion Chloride Chloride MES
Concentration 0.01 M 0,01 M 0.005 M
Counter Const, EACA EACA TRIS
pH 5.00 5.00 6.5
Additive 0.25% HEC 0.25% HEC -
Driving current 250 pa 20 ph

Serum was prepared from vencus blood after c¢lotting, 2h at
room temperature, and centrifugation for 10 min at 1000 g
at 4 °C. The samples were stored at - 20 9C until use.

A1l chemicals used were of analytical grade or purified

by conventional methods. Ultrafiltration CF 25 centriflow
filters, nominal meol. wt. cut-cff 25.000, were purchased
from Amicon (Oosterhout, The Netherlands).

6.2, RESULTS AND DISCUSSION

Physiclogical uric acid serum concentrations normally
range between 0.15 and 0.45 mM. The calibration line for
uric acid in the given operational syvstem proved to be
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linear and had a response of 0,0474 nmole urate per sec.
The identity of uric acid was confirmed in several ways.
In Fig. 6.1 an experiment is shown which demonstrates that
the uric acid zone is completely abolished by pre-incuba-
tion of the sample with purified uricasell. Moreover in-—
Jection of an additional amount of uric acid increased the
zone-length of the urate zone, whereas its isotachophore-—
tic mobility, as measured by the conductimetric step
height, remained constant.

H“j [PV

Fig. 8.1 Effect of tnoubation of serum with purtfied uri-
ELETR
A. Serum ultraftlitrate before tnoubation,

8. Serum witrafiltrate after ensymatic vnoubation.

When standard solutions of uric acid were added to
gerum, extensively dialysed against 0.9% NaCl solutien,
the isotachophoretie analyses yielded recoveries of 99.0 -
100,5%. From this it ¢an be concluded that the uriec acid
protein binding is broken during the isotachopheretic ana-
lysis. Some serum samples showed turbidity, as judged from
visual inspection, Those samples were rapidly passed
through a Millipore filter, Millex~, 0.22 pm. The recovery
of uric acid was not affected by this procedure,

Serum samples from six healthy controls were aszsaved
for uric acid ugsing the isotachophoretic and the enzymatic
procedure. The samples were used either directly or after
ultrafiltration. The serum urig acid values obtained with
the enzymatic and the isotachophoretic procedure showed
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an acceptable correlation with a correlation coefficient

of 0,980, The uriec acid determinations in the ultrafilte-
red samples showsd also an acceptable correlation, corre-
lation coefficient 0.976, but the group mean of the enzyma-
tic method was somewhat lower than that of the isotacho-
phoretic method. The precision of both methods for a re-
peatedly tested sample was better than 2%. The isotacho-
phoretic and the enzymatic procedures showed day-to-day
variations of less than 2% and 6% respectively.

TABLE 6.2
ISOTACHOPHORETIC AND ENZYMATIC RESULTS FROM SIX CONTROLS

No Isotachophoresis Enzymatic
NF ug Bound NF Ur Bound
M KM % UM M ?

1 374 329 12 390 303 22

2 392 282 28 383 283 26

3 294 224 24 292 233 20

4 483 415 14 483 490 17

5 361 298 17 375 357 15

6 ___463___ 385 17 S 498 _ 36s 27

mean 395 332 19 403 317 21

NF is non ultrafiltered, UF is ultrafiltered.

The recoveries were not affected by the use of the CF-25
ultra filter membranes; recoveries of =standard solution
using the ultrafiltration membrane were 99.4%.

From the table 6.2 it follows that protein binding varies
between twelve and twenty-eight percent, The physiclegical
significance of urate binding to plasma protein binding is
still disputed. Reversible interactions between urate and
serum albumin, low-density-lipoprotein, f;-macroglubulins
and Gy globulins have been reportedlz’l3.

Percentages of 20-40% of bound urate have been degcribed
under different conditicns of temperature, ionic strength,

buffers, etc.l2’13'14.

Our values agree with these data.
Reduced binding capacity of plasma proteins might iead to

higher levels of free uric¢ acid; in patients with gout
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S
Fig. 6.8 Isoitachopharetic separalion of a hyperuricemits
ecrum. R = inercasing vegitatance, UV = UV trangmigsion at
280 nm, t = time, %% = diffevgntial of the linear conduc—
timatria traace.

such a decreased binding capacity has been reportedlS. It
has also been shown that several drugs, such as salicyla-
tes, phenylbutazone and probenecid, reduce urate binding
in vitrolﬁ. It should be stressed however, that all these
studies, including our own were done under non-physiologi-
aal conditions., Therefore, no ¢onclusion can he drawn re-
garding the physiological significance, especially because
some in vivo measurements have shown that at 37 °C the

percentage of urate bound is smalll7.

TABLE 6.3
THE EFFECT OF HOMOGENTISIC ACID ON THE URIC ACID DETERMI-
NATION ‘

Addition Isctachophoresis Enzymatie
Mone 348 uM 348 uM
0.5 g/l homogentisic 348 pM 384 uM
5.0 g/l homogentigic 346 pM 676 uM
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Beveral metabolites can interfere with the enzymatic
method for the determination of uric acid in gerum, An
example is homogentisie acid, a compound which oceours in
inecreased quantities in urine of patients with alkaptonuria,

13’19. It inter=-

in inbkorn error of amino acid metabolism
feres with the enzymatic uric acid determination at 340 nm
by giving lowexr values than those actually present. Even
when unphysiologically high amounts of honogentisic acid
were added to serum samples, no effect on the isotachopho-
retic determinations was seen. Increased levels however
were found with the enzymatic procedure carried out with
the bichromatic (340 and 380 nm) analvzed ABA-100., No at-
tenpts were done to elucidate this experimentally, but the
differences might be attributed to the use of the bichro-
matie analyzer, in contrast te & monochromatic determina-

tion at 340 nm only4.

TABLE &.4
SERUM URIC ACID CONCENTRATIONS IN PATIENTS RECEIVING
VARIQUS DRUGS

Diagnosis Medication Uric Acid uM
Enzymatic Isotachophoresis

Gout (male, age 63) Zyloric 286 299
Fheumntoid arthritis Hygroton, Selokens 620 647
with hyperuricemia Benicillinamide,
(female, age &8) Indocid Seresta
Rheuatoid arthritis Baktrimel, Frim- 356 366

with hyperuricemia tison, Torecon
(female, age 44)

Serum uric acid values in three initially hyperuricemic
rheumatologic patients, who were treated with a number of
drugs, were in cleose agreement when determined with both
procedures. None of the drugs seemed to interfare with the
uric acid determination both procedures.
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6.3,

CONCLUSIONS

The isotachophoretic procedure for the determination

of uric acid in serum is gquantitative, reliable and vepro—

ducible. In contrast to the general practice in HPLC there

is no need for deproteinigsation of the serum samples. Once

the electrolyte system hags been coptimized for the isotacho-

phoretic determination, analyses can be done with a low

day—-to-day wvariation. At present the isotachophoretic me-

thod is more accurate than the enzymatic method, although

the latter is faster when automated.
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Abbreviations of chemical substances

A3MP adenosine 3'-monophosphate

ASMP adenosine 5'-monophesphate

ATP adenosine 5'-triphosphate

BALA B-alanine

CREAT ¢reatinine

EACA £=-aminocaprole acid

HEC hydroxyethyl cellulose (Polysciences Inc,
Warrington Pa, USA, Cat., no 5568)

HEPES N-2~hydroxyethylpiperazine-N'-2~ethanasulfo-
nic acid

HIST L-histidine

GABA y-amino-n-butyric acid

GoMP guancsine 5'-moncophosphate

MES 2 (N-morpholino)ethane sulfonic acid

MM middle molecule

MOWIOL polyvinylalcohol (N 8-88 Hoechst A.G., Frank-
furt, GFR)

TRIS tris(hydroxymethyl)aminomethane

u Urea

Symbols

linescript
{ superscript designation
subscript

A ionic species, constituent

A o UV absorption

A zone indicator

A o constituent indicator

a L] constant

o o dagree of discoeciation

o o constant

B L] ionie speciES, constituent
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linescript
superscript
t subscoript
=} zone indicator
o] congtituent indicator
constant
constant
load capagity
ionic species, constituent
o zone indicator

o constituent indicator

o

constant

0 a0 0o 0N ™o o wow
oo O o

[a) subspecies concentration ( geg.
cm-B)
constituent concentration

(mole.cm_3)

a|
Le]

constant

1

diffusion coefficient (cm®.sec”
diameter (om)

sampling width (cm)

time-based zone length (sec)
zone width {om)

electric field strength (V.cm'l)_
constant of Faraday '(C.geq”l)
zampling ratieo

relative gain in time

high molecular weigth region
heigth equivalent to a theoreti-
cal plate (om)

HL ] HL ratio

I
o0 o0 ¢ o o O 0 0 09 a9

electric driving current (&)
o ionic gspewies, constituent

o zone indiecator

[} constituent

I
I
I
I [+] constituent indicator
i
i o constituent indicator
J

=] electriq qurrent density (A.

cm"z)
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WL L € gy £y

2 = 0y o s~

=
[a]

81y

o B B B =

»H
pI
pK

Hi AR W A

linescript
t superscoript
subscript

o 0 0 ¢ 0

[

g o O 0 0 0 0 0

g O O O O D

ionic species, constituent
zone indicator

constituent indicator
constituent

constituent indicator
eguilibrium constant

zonhe indicator

constant

specific conductance (e t.em™t
column length (om)

low moleculax welght region
leading constituent

zone indicator

constituent indicator

zone length

mixed zone indicatoer

mixed zone indicator

1

. i 2 - -
ionic mobility (om .V 1.sec

effective mobility (em2,v .

sec_l)

number of theoretical plates
amount

sample load (mole)

subspaglies

cross-sectional area (cmz)

pH

igpelectric point

negative logarithm of the pro-
tolysiz constant

product function

amount of electric charge (Q)
Resolution

resistance (f)

relative mobility

relative effective mobility
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linesaript
superscript
subscript

S o QO 0

o o0 0 o 00 S C 0o 000 O 00

relative leading concentration
sgparation nunber

separand

zone indicator

constituent indicator
surmation

standard deviatlon
transference number
terminating constituent

zone indicator

constituent indicator

time {sec)

time of detection (sec)

gain in time (sec)

time~based centre of gravity
raetention time (sec)

time of resolution (sec)

time of detection (sec)

Uv absorption

migration velocity (cm.sec“l)
place coordinate

length of detection (om)
maximal migrated distance {(cm]
minimal migrated distance (cm)
length ©f resolution (cm)
vélency

Kohlrausch function

indicateor sampling compartment

indicator terminator compartment



Summary

Electrophoresis can be used as a method for achieving
geparation of ionic solutes in solution and is based on the
differential migration of the separands in an electric field.
This thesis desecribes the theoretical, experimental and in-
strumental developments of zone electrophoresis and itsota-
chophoresis in narrow bore tubes.

Electrophoresis inherently involves the lecal change
of electrolyte constituent concentrations. This changing of
concentrations is net an arbitrary process, but is a strong-
ly regulated one,governed by the Kohlrausch regulating fun-—
ctions. This Kohlrxausch concept has been applied to zone
electrophoresis and isotachophoresis and allows a fundamen-
tal understanding of the capabilitiss of both analytical
tachniques.

In zone electrophoresis the effect of electrophoretic
migration on the concentration digiributicons is evaluated,
uzing a non-diffusional model. It follows that the sample
constituents, that have an effective mobility larger than
that of the carrier constituent, migrate with concentration
distributiong that are diffuse at the front and sharp at
the rear of the zone. The reversed holds for sample consti-
tuents that have an effective mobility lower than that of
the carrier constituent. Ag a result of the regulating fun-
¢tions no independent retention behaviour can exist in zone
electrophoresis. In an experimental approach to high per-
formance zone electreophoresis it is shown that non migratio-
nal dispersion can be well controlled by the use of narrow
bore tubes. The measured concentration distributiong con-
form with theory and their asymmetry can only be suppressed
by the application of very small amounts of sample. High
performance zone electrophoretic separations, using UV abk-
sorbance and conductimetric detection, are shown., The theo-
retical and practical limitations of zone electrophoresis
are indicated.
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The initial stage of zone electrophoresis is essential-
1y not different from moving boundary electrophoresis or the
separation process in isotachophoresis. The latter is eluci-
dated using a trangient-state moedel for monovalent weakly
ionic constituentg, The influence of operational parameters,
gsuch as pH, electric¢ driving current, sample load and coun-
ter constituent, is desceribed in terms of time of resoluti-
on, load ¢apacity and current efficiency. Theoretically and
experimentally it is shown that optimization procedures in
igotachophoresis are governed by three rationales: the pH,
the ¢ounter constituent and the electric driving current.
For anjonic separations a low pH of both the leading electro-
lyte and the sample will faveour resclution, whereas for cat-
ionic separations a high pH will be preferable, The delete-—
rious effects of extreme values of pH are discussed, The
counter constituents should have a low mobility and the elec-
tric driving current should be maximized., Steady-state con-
figurations, in which the cample congtituents are not migra-
ting in order of mobility, are shown and diccussed.

The time-based zone length is in isctachophoresis di-
rectly related to the amount of sample. To aveid column-
overloading only a limited sample leoad can be applied in
conventional instruments. A new two-dimensional, fully auto-
mized, electrophoretic instrument i= described, which allows
the application of high sample loads, twe dimensional sepa=-
rations and feasibility for micro-preparative applications.

Both the theoretical conceptgs and Instrumental develop—
ments were applied to several bhiomedical research topics.

In the search for uremic toxins, isotacheophoreszsis wazs used
for the determinaticn of ionic soclutes in the body fluids of
patients with terminal chronic renal failure. It is shown
that uremic patients form a rather heterogenic group and that
hemodialysis removes only parxtially the accumulating meta-
boli¢ products from the body fluidsg of patients with chronie
renal failure. The existence of toxic molecules with inter-—
mediate molecular weight, the so-called middle molecules,
which are supposed to accumulate in chronic renal failure,

could not be substantiated with isotachophoresis, gas chro-
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matography or high performance liquid c¢hromatography. The
middle molecular weight fractions, as obtained with gel chro-
matography, proved to contain numerous solutes of rather low
molecular weight.

Isotachophoresis was successfully applied for the direct de-
termination of the anticonvulsant drug valproate in sexrum
and for the determination of urid acid in serum.



Samenvatting

Electroforese wordt veelal toegepast als analytische
scheidingsmethodiek voor ionogene stoffen. Dit proefschrift
beschrijft zowel de theoretische achtergronden als 8e instru-
mentele ontwikkelingen van zone electroforese en igotacho-
forese in capillaire kolommen.

Gedurende een electroforetisch proces treden, plaatse-
1ijk, veranderingen in de electroliet concentratie(s) op.
Dit proces verloopt niet willekeurig, maar zeer stringent
gereguleerd, hetgeen beschreven kan worden met behulp van
de zgn. Kohlrausch functies. Hierdoor kan een inzicht ver-
kregen wozrden in de analytische mogelijkheden van zowel
zone electroforese als isotachoforese.

Uitgaande van een zone electroforetisch model, waarin
de invlced van diffusie verwaarloosd wordt, blijken asvin-
metrische concentratieverdelingen op te kunnen treden.
Ionogene componenten, met een effectieve mobiliteit groter
dan die van de dragex, blijken een asymmetrische concentra-
verdeling te hebben, die aan de voorkant diffuus is terwijl
de aghterkant scherp blijft. Mutatis mutandis geldt voor
ionogene componenten met een kleinere effectieve mobiliteit
dan die van de dragex. Doordat het zone electroforetische
proces zeer stringent gereguleerd verloopt, wordt het reten-
tiegedrag van vrijwel ledere loncgene component beinvlced
door de aanwezigheid van andere. Dispersie kan in zone elec-
troforese geminimaliseerd worden door deze techniek uit te
voeren in capillaire kolommen. De experimenteel gemeten con-—
centratieverdelingen bevestigen de juistheid van de theore—
tische berekeningen., De asymmetrie van de verdelingen kan
glechts onderdrukt worden door het inbrengen van zeer ge-—
ringe hoeveelheden monster. Eone electroforetische schei-
dingen, waarbij' gebruik gemaéht wordt van zowel conducto-
metrische als UV-absorptie detectie, tonen de praktische en
thegretische beperkingen van deze techniek.
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Het scheidingsproces van zone electroforese en isota-
choforese verlopen beide volgens het bewegende grensvlak
principe. Het scheidingsproces van isotachoforese wordt be-
schreven in een mathematisch model, dat teoepasbaar 1s bij
de analyse van eenwaardige zwakke electrolieten. Uit de mo-
delbeschouwingen volgt dat de optimalisering van een isota=-
choforetisch scheidingsproces beheerst wordt door de pH van
de electrolieten, de aard van het tegenion en de toegepaste
stroomstarkte. De invloed van deze, experimenteel belang-
rijke, parameters komt tot uitdrukking in de resolutietijd,
de beladingscapaciteit en het stroomrendement. De regolutie-
tiid is omgekeerd evenredig met de electrische stroamsterkte,
zodat deze laatste gemaximaliseerd dient te worden.

Blj scheidingen van anionen worden de optimale condities
verkregen bij een lage pH van zowel loopelectroliet als mon-
ster, In het geval van de scheiding van cationen verdient
ean hoge pH de voorkeur. De tegenionen dienen altijd een
kleine mobiliteit te bezitten. Zowel theoretisch als expe-
rimenteel weordt aangetoond, dat de ionogene componenten van
gen monster zich bij isotachoforese niet altlijd rangschikken
in volgorde van effectieve mobiliteit.

Da hoeveelheid ingebrachte stof is bij iLsotachoforese
direct gerelateerd aan de zone-lengte. Teheinde grote hoe-
vaelheden van een mopnster te kunhen analygeren werd een nieuw
tweedimengionaal instrument ontwikkeld. De voordelen van dit
volledig geauvtomatiseerde instrument ten opzichte van conven-
tionele apparatuur worden beschreven.

Zowel de theoretische inzichten als de instrumentele
ontwikkelingen werden toegepast op diverse onderwerpen uit
het biomediseh geliderd onderxzoek.

Isotachoforese blijkt geschikt te zijn voor de analyse van
ionagene stoffen in de lichaamsvlceistoffen van chronische
nierpatienten. Uit de isotachoforetische analyvses blijkt
dat nierpatienten, wat betreft de accumulerende stoffen,

een inhomogene groep vormen. De stoffen, die in de lichaams-
vliceisteffen van chronische nierpatienten accumuleren, wor—
den slechts ten dele door hemodialyse verwijderd.

t

Pe " middle molecule hypothese kon niet bevestigd worden
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met behulp van isotachoforese, gagschromatografie of vloei-
stofchromatografie.

Isotachoforese werd met succes gebruikt voor de directe be—
paling van het geneesmiddael valproinezuur in het serum van
patienten met epilepsie. De resultaten werden vergeleken met
die van een standaard gaschromatografische analysemethode.
De isotachoforetische bepaling van urinézuur in serum bleek
goed in overeenstemming te zijn met de rxesultaten van een
enzymatische bepaiingsmethodiek.
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dicatie of mongtercomponenten al dan niet met behulp

van isotachoforese gescheiden kunnen worden.

* F.M. Everaerts, J.L. Beckers en Th.P.E.M, Verheggen,
Isotachopheoresis, J. Chromatogr. Libr., Vel. 6,
Elsevier, Amsterdam-Oxford-New York, 1976.

3. Wanneer bij de verklaring van de kathodische driff bij
iso-electrische focussering geen rekening gehouden wordt
met het feit dat de absolute waarden van de electrofo-
retische beweeglijkheden van protonen en hydroxylionen
niet gelijk zijn *, dient deze verklaring in twijfel te
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* N.Y, Nguyen en A. Crambach, Anal. Biog¢hem., B2 (1977) 226.
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komen van de zogenaamde "middle molecules' in wremisch

Serum.
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* J. Bergstrém, P. Fiirst en L. Zimmerman, Clin, Nephrol.
1L (1979) 229.

7. Bij het gebruik van electro-osmotische vleceistofpompen
dient men er rekening mee te houden, dat electro—osmose
beinvlced wordt door de aanwezigheid van oppervlakte-
actieve stoffen.

* V. Pretorius, B.J. Hopkins en J.D. Schieke, J. Chro-
matogr., 99 (1974) 23.
Z. Ryslayy, P. Bocek, M. Deml en J, Janak, J. Chroma-
togr., 147 (1978) 44s.
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inherente verslaving, zal leiden tot een vermindering
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