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and the rapid and precise determination of
the molecular weight distribution of syn-
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being applied to the separation of small
ions, the characterization of associating
systems, and the measurement of branch-
ing. At the same time, fundamental studies
are elucidating the mechanisms of the vari-
ous chromatographic processes.

These developments in principles and
applications are assembled for the first
time in this book.

o Fundamental issues are dealt with: the
roles of pore structure and macromole-
cular dimensions, hydrophobic and elec-
trostatic effects, and the determination
and control of column efficiency.

o High-performance packings based on
derivatized silica are reviewed in detail.

o Special techniques are thoroughly de-
scribed, including SEC/LALLS, inverse
exclusion chromatography, and frontal
zone chromatography.

o Attention is focussed on special applica-
tions of size-exclusion methods, such as

the characterization of micelles, separ-
ations of inorganic ions, and Hummel-
Dreyer and related methods for equili-
brium systems.

o Protein chromatography is dealt with in
both dedicated sections and throughout
the book as a whole.

This is a particularly comprehensive and
authoritative work - all the contributions
review broad topics of general signific-
ance and the authors are of high repute.

The material will be of special value for the
characterization of synthetic water-soluble
polymers, especially polyelectrolytes. Bio-
chemists will find fundamental and practical
guidance on protein separations. Resear-
chers confronted with solutes that exhibit
complex chromatographic behavior, such
as humic acids, aggregating proteins, and
micelles should find the contents of this vol-
ume illuminating.

Contents: Part 1. Separation Mechanisms.
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An authoritative review... highly recommended...
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A Guide to Method Development

by P. Schoenmakers, Philips Research
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Netherlands

(Journal of Chromatography Library, 35)

“The contents of this book have been put to-
gether with great expertise and care, and repre-
sent an authoritative review of this very timely
topic... highly recommended to practising analy-
tical chemists and to advanced students.” (Jnl.
of Chromatography)

“..an important contribution by a worker who
has been in the field almost from its inception
and who understands that field as well as
anyone. If one is serious about method devel- .
opment, particularly for HPLC, this book will
well reward a careful reading and will continue
to be useful for reference purposes.” (Mag. of
Liquid & Gas Chromatography)

This is the first detailed description of
method development in chromatography -
the overall process of which may be sum-
marized as: method selection, phase selec-
tion, selectivity optimization, and system op-
timization. All four aspects receive attention
in this eminently readable book.

The first chapter describes chromatographic
theory and nomenclature and outlines the
method development process. Guidelines are
then given for method selection and quantita-
tive concepts for characterizing and class- .
ifying chromatographic phases. Selective sep-
aration methods (from both GC and LC) are

given - the main parameters of each method
are identified and simple, quantitative rela-
tions are sought to describe their effects.
Criteria by which to judge the quality of sep-
aration are discussed with clear recommenda-
tions for different situations. The specific
problems involved in the optimization of chro-
matographic selectivity are explained. Optimi-
zation procedures, illustrated by examples,
are described and compared on the basis of a
number of criteria. Suggestions are made
both for the application of different proce-
dures and for further research. The optimiza-
tion of programmed analysis receives special
attention, and the last chapter summarizes

the optimization of the chromatographic sys-
tem, including the optimization of the effi-
ciency, sensitivity and instrumentation.

Those developing chromatographic methods
or wishing to improve existing methods will
value the detailed, structured way in which
the subject is presented. Because optimiza-
tion procedures and criteria are described as
elements of a complete optimization pack-
age, the book will help the reader to under-
stand, evaluate and select current and future
commercial systems,

Contents: 1. Introduction. 2. Selection of
Methods. 3. Parameters Affecting Selectivity.
4, Optimization Criteria. 5. Optimization
Procedures. 6. Programmed Analysis. 7. Sys-
tem Optimization. Indexes.
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PREFACE

The 6th International Symposium on Isotachophoresis and Capillary Zone
Electrophoresis was the most recent one in the series. After the symposia held in
Baconfoy in Belgium (1979), in Eindhoven in The Netherlands (1980), in Goslar in the
Federal Republic of Germany (1982), in Hradec Kralové in Czechoslovakia (1984)
and in Maastricht in The Netherlands (1986), the sixth symposium was held in Vienna
from September 21st to 23rd, 1988, and was organized by Dr. Ernst Kenndler under
the auspices of Honorary President Professor Dr. H. Tuppy, Federal Minister of
Science and Research, and Honorary Chairman Professor Dr. J. F. K. Huber,
University of Vienna. The organization of the symposium was facilitated by the
Osterreichische Gesellschaft fiir Mikrochemie und Analytische Chemie and by the
Institute of Analytical Chemistry, University of Vienna. Dr. Kenndler chaired the
Scientific Committee, involving Drs. F. M. Everaerts, J. W. Jorgenson and D.
Kaniansky, and also the Organizing Committee, involving Drs. P. Jenner and P. J.
Oefner.

Eight lecture sessions were devoted to Fundamentals of electrophoresis in
capillaries, Selectivity in electrophoresis, Recent developments in isotachophoresis,
Capillary zone electrophoresis —Separation of biomolecules, [sotachophoresis —Sep-
aration of biomolecules, Electrochromatography and related techniques, Separation
of enantiomers and Application of electrophoresis.

Two poster sessions that provided substantial space and time for direct
discussions of the results and ideas in small groups were followed by panel discussions
of these sessions.

There were over 120 participants from 15 European countries, the U.S.A., Japan
and China, who presented 35 lectures and 42 posters, and submitted 28 manuscripts
that have led to this special issue.

The Vienna symposium introduced a new step in these symposia by bringing
together experts in capillary isotachophoresis and capillary zone electrophoresis,
including those having a broad theoretical knowledge and experimental experienced in
gas and liquid chromatography. This broad participation has already led to new
interdisciplinary aspects, and forms the basis for the future promotion of electro-
phoresis as a powerful analytical tool.

[t is my pleasure to express congratulations and thanks to everyone concerned
who made the Vienna symposium a most successful event in electrophoresis. I also
thank Dr. Karel Macek for the care devoted to this special issue.

Brno (Czechoslovakia) PETR BOCEK
January 1989
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INVERSE ELECTROLYTE SYSTEMS IN ISOTACHOPHORESIS

IMPACT OF THE TERMINATING ELECTROLYTE ON THE MIGRATING
ZONES IN CATIONIC ANALYSIS

PETR GEBAUER, LUDMILA KRIVANKOVA and PETR BOCEK*

Institute of Analytical Chemistry, Czechoslovak Academy of Sciences, Leninova 82, CS-611 42 Brno
(Czechoslovakia)

SUMMARY

An insight is given into the nature of cationic isotachophoretic systems with H*
as the leading constituent. It is shown both theoretically and experimentally that the
parameters of all zones in such a system depend not only on the composition of the
leading electrolyte, but also on the composition (pH) of the terminator. The theory
presented enables one to predict the parameters of all zones involved, including the
effective mobility of the leading hydrogen constituent, thus allowing the correct
construction of such systems. Moreover, the theory predicts the impact of the
terminating electrolyte on the quantitative analysis. The practical importance of the
systems in question is exemplified showing the possibility of determining either very
mobile ions (K, NH,*) or very weak organic bases (with pKxu = 2-3 oreven lower).

INTRODUCTION

The fundamental role of a discontinuous electrolyte system consists in the
creation of conditions under which the sample components show different effective
mobilities and good separation. The leading electrolyte plays the key role here as it
determines, according to the principle of zone adjustement, what qualitative and
quantitative composition any arbitrary sample zone has and what the effective
mobility of the corresponding substance is'2. In accordance with the importance of
this role, one must pay great attention to the choice of a suitable leading electrolyte,
which is usually selected in such a way that the resulting system is correct (ie., it
provides sharp boundaries between all zones which are stable)?. Simultaneously, the
pH of theelectrolytes is usually selected so that it lies in the so-called safe region® where
the disturbing effect of the migration of H* and OH ™ ions can be neglected. We can
say more exactly that the leading electrolyte is selected in such a way that the disturbin g
ion (H* or OH ") forms the real or potential rear (terminating) zone of the system*:>.

The actual terminator has first a practical role, fulfilling the following
requirements: the effective mobility of the terminator in its adjusted zone should be
lower than that of any sample substance so that a quantitative termination of all
sample zones is ensured; and the effective mobility of the terminator and hence the

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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conductivity of the terminating zone should not be too low in order not to make the
analysis time too long. Because in correct systems the composition of all adjusted zones
is a function of the composition of the leading electrolyte, it is not necessary to pay
excessive attention to the composition of the terminating electrolyte as the compo-
sition of the terminating zone is automatically adjusted to the parameters of the given
leading electrolyte. We can say that in correct isotachophoretic systems which have
been used and recommended so far, the composition of the terminator does not show
any influence on the composition (properties) of the sample zones.

In isotachophoretic practice, however, there sometimes electrolyte systems are
used that do not possess the above-mentioned properties; non-buffered electrolyte
systems may serve as an example. Here the counter ion does not have any buffering
properties, such as an alkali metal cation in anionic isotachophoresis or an anion of
a strong acid (chloride, sulphate) in cationic isotachophoresis. As the leading ions H*
and K* andfor OH™ and Cl~ are usually used. Even in the early days of
isotachophoresis, the use of such systems was not recommended as a result of
qualitative considerations on possible disturbing effects caused by uncontrolled
migration of H* or OH ~ ions from the terminating electrode chamber®-®7. A detailed
analysis of the behaviour of H* and OH ~ ions in isotachophoresis*>*® has also shown
that for a correct isotachophoretic migration it is necessary to control the migration of
one of these two ions by the counter ionic system in such a way that the respective ion
(H* or OH ") serves as the natural terminator of the system. Nevertheless, the practical
use of non-buffered systems has grown as these systems allow one to analyse, e.g., K*
when using H™ as the leader®® or C1~ with OH ™ as the leader®. Analytical practice,
however, shows that for a reproducible analysis it is necessary to find empirically
a suitable pH of the terminating solution and to perform each analysis with a fresh
terminator in the terminating electrode chamber!®-*%,

It is evident that a quantitative knowledge of the role of the terminator has not
yet been established, especially the problem of the influence of the composition (pH) of
the terminator on the zones of migrating substances. Further, the use of non-buffered
systems has so far not overcome the stage of empirical searching and a theoretical idea
of the conditions under which H* may be used as the leading ion in correct
isotachophoresis is still lacking. This paper considers the above problems, establishes
an adequate theory and gives answers to the related practical questions.

THEORETICAL

Description of the system

Let us consider a system (Fig. 1) in which the zone of a weak (or strong) acid HA
(zone H) serves as the leading zone of cationic migration. The solution of this acid, HA,
and of its salt with a weak (or strong) base, BH* A~ serves as the terminator (zone T).
Let us assume that the composition of the terminator does not change with time. After
switching on the electric current, the terminating zone B is created, its concentration
being adjusted to the parameters of zone H.

The physico-chemical description of such a system starts from its understanding
as a moving-boundary system, where not only the counter constituent but also the
constituent “H™*”" are present in all zones. To describe such a type of system, the
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AMHA —
— BH/E
- W H*
T 8 H

Fig. 1. Scheme of the formation of the adjusted terminating zone B between the leading zone H and the
original terminating electrolyte T.

moving-boundary equations'? may be advantageously adopted?. In our case, the
following equations may be written for the boundary B —» H:

@ = Wy_n (1)
KB

UHCHB T UBHCBH.B UKHCH,H
Kp KH

= WB—H (EH.B - EH.H) (2)

where ; is the electrophoretic mobility of ion i, #; ;and ¢; ; are the effective mobility and
the total (analytical) concentration, respectively, of constituent i in zone j, ¢ ; is the
concentration of ion /in zone /, k;is the conductivity of zone j, and Wy _y is the volume
swept by the boundary B-H per coulomb passed. Note that, e.g.,

Cu = Cup + Coup + CHAB (3)

is the constituent concentration of H” in zone B. For the immobile concentration
boundary T::B the following balances can be written:

UBHCBH, T UBHCBH,B

= 4)
Kt Kp
UnCh,r + UpuCBH,T _ UnCnp + UBHCBHB )
Kt Kp
from which
CH,T CH.B CBH,T CH,T
—— = —— and = — (6)
Kt Kp CBH.B B
By combination of eqns. 1, 2 and 5, we obtain
UnCu,1 + UBHCBHT  UHCH.H Upp ,_ _
- =a=—(Cup — Cun) N

Kt Ky Kp
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When expressing the last term of eqn. 7 by using eqns. 3 and 6, the definition of
effective mobility

ug,g = upnucu,p/(cnp + Kpn) (8)
and electroneutrality
CaB = Cup + CBH,B )

we obtain, after rearrangement an equation that is a function of only one unknown,
CH,B:

a Kt _ UBH |:CH,B (1 + CH,B) a + CBH,T) _ C_H,H:| (10)

Cu,T cup + Kgn Kya CH,T

where Kya and Kpy are the dissociation constants of HA and BH *, respectively. The
solution of eqn. 10 (and the use of eqns. 6 and 9) provides the complete description of
the composition of zone B. From eqn. 10, one important conclusion can be drawn: the
composition of the adjusted terminator (zone B) depends not only on the parameters
of the leading zone (as is usual in normal isotachophoretic systems), but also on the
composition of the terminating solution (zone T), especially on the ratio cgy r/cy T
Obviously, the above ratio can be expressed as a function of the total concentration
Cer Ceur/cut = Co1/(Keu + cnr)-

In the treatment of systems as shown in Fig. 1, the question arises of whether the
phenomenological description of isotachophoretic systems may be applied here. The
understanding of the boundary B — H as an isotachophoretic boundary allows the
application of the general isotachophoretic condition
Up,p Uy,H

Wy = 2B _ Man (11)

KB KH

where the concept of the effective mobility of hydrogen ion®, #,y (originally
introduced for H* as the terminator), is generalized to any isotachophoretic zone
containing H* as the only constituent (apart from the counter constituent). The
combination of eqns. 7 and 11 gives, after rearrangement,

_ CH,HUH
Unn = (12)
~ . X Un ) Uph
cyy — Cup + Cap | —— | + Cup | T
Ug.p Ug,B

Comparison of this equation with eqn. 4 in ref. 5 shows additional terms expressing the
contribution of B being a weak base; for Kgy — 0 both of the compared equations
become the same. It is cleary seen from eqn. 12 that iy y is a function of the parameters
of both zones H and B (and thus T). The value of iy y is in direct proportion to Wy _y
(i.e., to the velocity of the isotachophoretic boundary) since ky is constant for a given
leading electrolyte (¢f., eqn. 11).
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Fig. 2. Calculated dependence of the effective mobility of H*, iy (in 107° m? V=' s7!) on pKj of the
counter constituent, for various pKpy of the terminating substance: (a) 20; (b) 5; (¢) 4; and (d) 3. up =
—60- 107 m? V7' s gy = 30 - 1079 m? V7' 57 gy o/énr = 0.5.

Figs. 2-4 illustrate how the value of uyy depends on the parameters of the
system. Fig. 2 shows the dependence of i@y on the value of pKya of the counter
constituent, for four selected values of pKpy of the terminating substance and for
a constant ratio ¢pr/cy,r = 0.5. It can be seen from Fig. 2 how the value of iy
depends on pKyy and that it decreases rapidly with increasing pKys > 2.

Fig. 3 shows the dependence of it iy on the content of free acid in the terminator
expressed as ¢a v — Cn.1, for B being a strong base. For a strong acid (curve a , pKya

Uy
U"-
300
200
100
b
T
a ]
T T L v T
005 0.1 M 0.05 0IM g,
SAr-Tey
Fig. 3. Calculated dependence of iy i (in 107° m? V=! s71) on the content of free acid in the terminator, &, ¢
— Cp.r, forastrong (curve a, pKy, = — 3)and a weak (curve b, pKyx = 4) acid as the counter constituent.
up = — 60 - 107° m* V7' 57 gy = 30 - 1072 m> V-l sl pKyy = 20; Gpr = 0.01 M.

Fig. 4. Calculated dependence of iy (in 107 m? V= s7!) on the total concentration of H* in the leading
zone, Cyy, for a strong (curve a, pKys = —3) and a weak (curve b, pKya= 4) acid as the counter
constituent. The dashed line shows the ¢,y value corresponding to iy = 30 - 1072 m? V7' s71; uy =
~60 - 107° m? V7' s upy = 30 - 107 m? V! 571 pKyy = 20; G = 0.01 M; g = 0.02 M.
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= —3), the value of iy y increases with decreasing concentration of the free acid in
zone T, reaching the limiting value siyy = wuy for values of éar — 1 near zero.
Another type of dependence occurs for the case of a weak acid (curve b, pKya = 4),
where the relatively low value of &y j; increases only slightly with increasing ¢, 1+ — Cp.1-

As follows from Fig. 4, the concentration in zone H, ¢ 4, has the opposite
influence. For a strong acid (pKus = — 3, curve a), i1y 4 is almost independent of & y;
in contrast, for a weak acid as the counter constituent (pKy, = 4, curve b), the value of
iy u increases rapidly with decreasing ¢y .

All the conclusions drawn from Figs. 2-4 are in accordance with eqn. 12 and
illustrate some simple rules on how the value of i 1; depends on the parameters of the
electrolyte system in some special situations. For a strong acid HA and a strong base B,
for example, it holds that ¢y = cyy and i = wugy; eqn. 12 therefore becomes

i = g (1)
1 — 22 an

CH,H UBH

This equation corresponds to curve a in Fig. 3 and explains both its course and the
limiting value iy y = uy (for cyy = 0).

As was shown above, the value of ity y depends on the parameters of the zones
H and B in a defined way which is the same irrespective of whether B is the leader and
H™ the terminator or vice versa. The condition of correct migration® of zones B and
H can be formulated as follows:
(a) The system H — B is correct (the moving boundary H — B is sharp) if

Upn > Uin (14)
(b) The system B — H is correct (the moving boundary B — H is sharp) if

g < Uy (15)

In case (a), the electrolyte system in question is a normal cationic system with H™ as the
terminator. In case (b), the electrolyte system is that from Fig. 1 and condition 15
determines the region of correct migration. The only difference between the two
situations is that in case (b) the behaviour of the system depends not only on the
parameters of the leading zone but also on the parameters of the terminating zone, viz,
the ratio cgy 1/cn,r (¢f., eqn. 10).

It is obvious that, when taking a series of systems with increasing iy y, the
transition between systems of type (a) and (b) can be documented. Let us, as an
example, consider curve b in Fig. 4, depicting the dependence of iy on the
concentration in the zone H, & y, for a weak acid as the counter ion (uy = —60 - 10~°
m? V=1 57! pKys = 4). A strong base B (ugy = 30 - 10° m? V! 57!} serves as the
constituent of the zone B and the dashed line shows the transition corresponding to
a concentration of ¢yy = 0.019 M where ity 1y = uy. For concentrations higher than
this (critical*) value, condition 14 holds true and the system shows a correct migration
for the migration order. H - B. For concentrations lower than the transition value,
a correct system is obtained if the inverse migration order is selected, i.e., B - H.
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Correct migration of sample zones

Let us now describe the migration of the zone of a weak (or strong) base X in the
type of systems under consideration (see Fig 5). The mass balance for the counter ion
can be written in the usual way (note that u is a signed quantity):

N (1)

H.H Ux x

The use of the electroneutrality condition, ¢y x + ¢xux = Ca.x, and rearrangement
lead to

Kua + ¢ u Kxu + ¢ X
(Cny + Cx]-{_x) < HAK H.X + l A| R XH H.X) - jH (17)
HA UxH CH.x
Simultaneously, the isotachophoretic condition
Unn - Ux,x (18)

holds. The set of the two equations 17 and 18 can be solved for the two unknowns, cy x
and cxu.x, by, e.g., the usual RFQ method®.

Obviously, iy 4 in eqn. 18 is dependent on the composition of the terminating
electrolyte, and hence the composition of zone X and the value of ix x are also
dependent on the terminator.

Of greatest practical importance in any electrolyte system is the question of the
correct migration of sample zones. In order to explain some new aspects which
accompany the type of electrolyte systems described in this paper, we take advantage
of the zone existence diagrams'?

Let us first consider the followmg model system with formate (pKHA = 3.75) as
the weak counter constituent. When taking 0.0053 M KCOOH + 0.002 M HCOOH as
the leading electrolyte for cationic isotachophoresis, we have a normal system with H*
as the terminator. Its effective mobility is iy y = 54.4 - 107 m? V=! s7 and its
adjusted concentration is &y 4 = 0.01 M. The zone existence diagram of such a system
is shown in Fig. 6 (the existence region of this system is K-A-H-D-K). The contours
have the usual meaning!3; point K corresponds to the leading zone of K* and point
H corresponds to the terminating zone of H*.

AMA —
—BH/B’ XHX
—wn H
B X H

Fig. 5. Scheme of the migrating system of zones H, X and B.
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o

60 |

40 1

T T T

30 35 40 pH

Fig. 6. Zone existence diagram, pH vs. i (in 10~ m2V~'s71), for the cationic system with 0.0053 M potassium
formate + 0.002 M formic acid as the leading electrolyte and H™ as the terminator; for explanation, see text.
ug = 76.2- 107 m? V' s ugy = — S7.1-10° m? V- sy = 362.5-10° m? V' 57, pKurer = 3.75.

Let us now take an inverse system where 0.01 A HCOOH serves as the leading
zone and the terminator is 0.00334 M LiCOOH + 0.0029 M HCOOH. The terminator
is selected so that its concentrations are adjusted to the leading H zone and, moreover,
for the leading zone it holds again that iy = 54.4 - 107° m? V™! s~!. When returning
to Fig. 6, we can depict the leading zone H by the same point which depicts the
terminating zone of the former system. The terminating zone of the present system is
depicted by point Li which lies on the continuation of the curve KA. The existence
region of the system involves points corresponding to bases X for which it
simultaneously holds that ix y < #yu and iy ; > iy ;. The first condition holds
true for points below curve AH in Fig. 6 (i.e., below the lower existence contour of the
former system). The second condition holds true for points above curve LiC (i.e.,
above the upper sequence contour of zone Li). The resulting zone existence diagram of
the present system has an unusual appearance; it is formed by the region Li—A-B-Li
and by point H lying separately. All points lying on the diagram below curve LiC and
above the lower sequence contour of zone Li (dashed line) do not give correct zones in
the system as they are in the region of formation of steady-state mixed zones with the Li
zone. Point H (zone H) represents here an apparent exception to this rule although, in
fact, H™ is present in all zones. We can say that point H represents the individual pure
zone of the H™ constituent, which is in steady-state coexistence with the terminating
zone consisting of Lit + H*.

Fig. 7 presents a schematic treatment of the various possibilities of constructing
correct cationic electrolyte systems where 0.01 A/ HCOOH is involved as a separate
zone. Fig. 7A shows the normal cationic system (A) where H* is the terminator; its
concentration in the column adapts automatically to the value adjusted to the
parameters of the leading electrolyte. In this system, substances from regions a and
b (¢f., the diagram in Fig. 6) provide correct zones. Fig. 7B shows the novel inverse
system (B) with the H zone as the leader; here the terminating Li zone must have the
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pH " pH

Li a,c K Li c H a,b K

Fig. 7. Scheme of possible cationic isotachophoretic systems where 0.01 M formic acid is involved as an
individual zone (the contours of the zone existence diagram are those from Fig. 6): (A) normal system; (B)
inverse system; (C) combined system; (D) extended combined system. For explanation, see text.

concentrations of both LICOOH and HCOOH selected so that &y y has the required
value. In this system, substances from region ¢ provide correct zones.

When taking the leading zone K from system A and the terminating zone Li from
system B, a composed system (C) as depicted in Fig. 7C is the result. In this system,
substances from region a and ¢ provide correct zones. An interesting possibility of how
to extend the system C should be mentioned here. By introducing the zone H* as
a sample, a system (D) arises representing the coupled systems A and B (Fig. 7D).
When comparing systems C and D, we can see that in system D also the substances
from region b provide correct zones, their correct migration being enforced by the H*
zone migrating behind them. It should be stressed here that both systems C and D are
very sensitive to any change in the composition of either the leading or terminating
electrolyte. A change in the composition of the terminator (Li zone) leading to
a decrease in the corresponding iy y value, for example, results in the virtual existence
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of two different &, y values in the system; one of them is defined with respect to the
terminating zone of Li ™, #y y(Li), and the other with respect to the leading zone of K *,
ay n(K). In our example iy y(Li) < @y w(K), the boundaries Li - H and H - K mi-
grate with different velocities (here vi;—y < vy-x) and consequently, a growing H*
zone will appear between the leading (K) and terminating (Li) zones. The (originally)
single isotachophoretic system splits in this way into two isotachophoretic systems
moving with two different velocities, bound by the common zone of the H constituent
which had a double role, being simultaneously terminator for one system and leader
for the other.

For systems with-a strong acid as the counter constituent, the zone existence
diagram shows a very narrow existence region which can be approximated by only
a single line. Fig. 8, for example, shows the diagram for the system with 0.05 A/ HCl as .
the leading zone and 0.02 M hydroxyproline + 0.06 M HCI as the terminating
solution. In this instance the pH of zones of strong bases decreases with increasing uyy
(in contrast to the former formate system). It is obvious that the above-mentioned
operational electrolyte system offers the possibility of analysing even very weak bases
in a correct way (see Results and Discusion, Fig. 15).

Quantitative aspects

As mentioned above, the composition of the terminating electrolyte strongly
influences the qualitative parameters of the sample zones in the systems studied here.
This fact has a strong impact on quantitative analysis.

The basic principle of quantitation in isotachophoresis is expressed by the
known equation?

Ni = kiQi (]9)

which expresses the proportionality between the amount N; of a substance i and its

i H:=L
401 Li
Gy
TEA
304
Phe
201 Hyp<T
1.3 14 15 16 pH

Fig. 8. Zone existence diagram, pH vs. i (in 107° m? V=1 s71), for the cationic system with 0.05 A HCl as the
leading electrolyte and 0.02 M hydroxyproline + 0.06 M HCI as the terminator. Gly = glycine;
TEA = tetracthylammonium; Phe = phenylalanine; Hyp = hydroxyproline. uyy,u = 32 1072 m2 V' s7;
Uppen = 28 - 1072 m? V7! 715 g = 329 - 107° m? V™' 578 ugun = 40 - 107 m2 V! 57! ug =
—79.1 - 107° m? V7! 578 pKyyon = 1.92; pKenen = 2.58; pKayn = 2.35.
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zone-passage charge Q;. The proportionality (calibration) constant for the given
electrolyte system may be expressed by

ki =, sl 20)

Ki

When considering an acidic cationic system where a constant flow of H* passes
through the sample zones, it is obvious from eqn. 19 that the higher the flow of H*, the
lower is k;. An explicit description of the effect of H* may be given here by considering
the simple example of the system in Fig. 5 with the assumption that all of the
constituents involved are strong acids and bases. Then we may write the counter ion
balance for zones B and X as

U
ean (14 8 — oo 4 1al @1)
Ugy UxH

and the isotachophoretic condition for these zones is

U _ UxH (22)

Kp Kx

By using the condition of electroneutrality and after rearrangement, eqns. 21 and 22
provide the following expression:

ky = BXHOXX L UxH ( Uy — Upy 1 > 23)
g = == _
Kx Fouxu + |ual Up T Uxno o Ceus Usn + lual

Cup  Un T |ual

showing that kx is a function of ¢y g/cpup = cur/csur (cf., eqn. 6), i.e., of the ratio of
H* and BH" in the terminating zone. For ¢yt = 0 we obtain the constant kx
= uxu/Fluxu + |ual). With increasing cy v/cpi.t the value of kx decreases and becomes
zero at cyr/cour = (U + |ual) (a — uxu)/(uxu — upn) (un + |ual).

Fig. 9 shows the calculated dependence of 1/kxF on the pH of zone B for the
system 0.01 M HCI (leading electrolyte), 0.01 M Tris + HCI (terminator). Curve
a shows the dependence for a strong base (uxy = 55 - 10° m? V"' s and curve ban
analogous dependence for a weak base (uxy = 35 - 10° m? V-' 57!, pKyxy = 6); the
end of the latter curve towards the alkaline region indicates the end of correct
migration owing to insufficient protonation of base X.

EXPERIMENTAL

For all calculations, a PMD 85-2 microcomputer (Tesla, Piestany, Czecho-
slovakia) was used.

Experiments were carried out using a CS isotachophoretic analyser (URVJT,
SpiSska Nova Ves, Czechoslovakia) equipped with one capillary (170 mm x 0.3 mm
[.D.) and conductivity detection. Some experiments were carried-out on a Shimadzu
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Fig. 9. Calculated dependence of 1/kx F (reciprocal calibration constant) on pHy of the adjusted terminating
zone for a strong (curve a, uxy = 55- 107 m2 V-1 57!, pKyy = 20) and a weak (curve b, uxy = 3510 m?
V! 57!, pKxy = 6) base in the system with 0.0 M HCI as the leading electrolyte and 0.01 M Tris
[tris(hydroxymethyl)aminomethane] + HCI as the terminator. upim = 30 - 107° m2 V7! s7%; uy =
—~79.1 - 10° m? V7' 57! pKyuent = 8.

IP-3A isotachophoretic analyser (Shimadzu, Kyoto, Japan) equipped with a sepa-
ration (0.7 mm 1.D.) and a detection (0.2 mm 1.D.) tube, with potential gradient and
UV-absorption (254 nm) detection. When performing experiments only in the
detection capillary, the sample was pumped into the separation capillary and electric
current was applied for some time. After stopping this electromigration sampling, the
sample solution in the separation capillary was replaced with the terminating solution
and the analysis was carried out.

An OP-208 Precision Digital pH meter (Radelkis, Budapest, Hungary) with
glass and calomel electrodes served for pH measurements.

All chemicals were of analytical-reagent grade (Lachema, Brno, Czechoslo-
vakia) and were dissolved in distilled water deionized with a mixed-bed ion exchanger.

RESULTS AND DISCUSSION

As stated under Theoretical, in systems with H* as the leading constituent, the
composition of the terminating solution shows a strong influence on the migration
behaviour and on all substantial parameters of zones migrating in front of it. For
practical users of these systems, the impact of this fact on quantitative analysis is very
important. Related to the Quantitative aspects section, Fig. 10A illustrates the
influence of the pH of the terminator on the step lengths of Na* and K. The system
used was 0.01 M HCl as the leading electrolyte and 0.01 M (0.1 M) Tris + HCI as the
terminator. The results show good coincidence with the theory: with decreasing the pH

“of the terminator, the step lengths increase (¢f., Fig. 9, curve a). Fig. 10B shows
a similar experimental dependence for a weak base (¢-aminocaproic acid) in the system
with 0.005 M formic acid as the leading electrolyte and 0.005 M tetrabutylammonium
hydroxide + formic acid as the terminator. Also here we can make a good comparison
with Fig. 9 (curve b); it is seen that weak bases can be analysed only under conditions of
sufficient protonation (at a sufficiently low pH value of the terminator). The point
marked with an arrow in Fig. 10B indicates incorrect migration of the sample zone.
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Fig. 10. (A) Experimental dependence of the step lengths of the zones of K * and Na* (25 ul 0f0.0019 M KCI
+ 0.0017 M NaCl) on the pHy of the terminator in the system with 0.01 M HCl as the leading electrolyte and
(2)0.01 M and (b)0.1 M Tris + HCl as the terminator. (B) The same dependence for g-aminocaproic acid (25
ul of 30 M solution) in the system with 0.005 M formic acid as the leading electrolyte and 0.005
M tetrabutylammonium hydroxide + formic acid as the terminator. Both experiments were performed in
the CS isotachophoretic analyser with a detection current / of (a) 250 A and (b) 25 uA and a chart speed of
1 mm/s.

The prolongation of the zones at low pH of the terminator may apparently offer
ameans of increasing the sensitivity of the analysis; however, this is accompanied by an
increase in the analysis time. Another important feature for practical applications is
the impact of the terminating electrolyte on the reproducibility of the analysis. This can
be ensured only if a constant composition of the terminator is provided during all
analyses. If CI™ is used as the counter ion, the reproducibility of analyses can be
considerably decreased owing to the change in the composition of the terminator by
the production of H” at the anode. Fig. 11 shows the variation of the zone lengths of
Na™ and K" in five consecutive analyses when the content of the terminating electrode
chamber was not replaced with fresh electrolyte after each analysis. The prolongation
of the zones caused by the increasing concentration of H* in the terminator is clearly

mm

100] Na

K
50

T T v
5 number of
analyses

-
~
w
Y

Fig. 11. Experimental dependence of the step lengths of the zones of K * and Na* (2511 0f0.0019 M KCland
0.0017 M NaCl) on the number of analyses (without refreshing the content of the terminating electrode
chamber) in the system with 0.01 A HCl as the leading electrolyte and 0.01 M Tris + HCI (pHyt = 7) as the
terminator. CS isotachophoretic analyser, I = 250 pA, chart speed | mm/s.



16 P. GEBAUER, L. KRIVANKOVA, P. BOCEK

seen, indicating that the refilling of the terminating electrode chamber after each
analysis is necessary. The original pH of the terminator, pHr = 7, decreased to 3.8
after the fifth analysis, which caused a prolongation of the Na* zone by 46% (see Fig.
11). In a similar experiment an original value of pHr = 3.2 decreased to 3.05 after the
third analysis, resulting in a prolongation of the Na* zone by 35%.

A possible means of eliminating the negative effects of H* production at the
anode is the use of a carboxylic acid instead of HCl in the terminating solution. Fig. 12
shows the record of an analysis of a relatively complex mixture of cations with .01
M HCl as the leading electrolyte and 0.01 M tetrabutylammonium hydroxide + acetic
acid as the terminator at pHy = 4.9. The system showed excellent reproducibility
(repeatibility) without the need to refill the terminating electrode chamber after each
analysis as acetate did not produce any H* at the anode.

Under Description of the system, the effects of the concentration of the leading
zone on the migration behaviour were described and discussed (¢f., Fig. 4). The
experimental evidence is given in Fig. 13, where the possibility of how we can change
the role of the H* constituent from the leader to the terminator by only a change in
concentration is exemplified. Fig. 13a shows the record of an analysis in a system with
0.015 M sodium formate as the leading electrolyte and 0.01 M formic acid as the
terminator. In this system, the calculated value of the effective mobility of H™ is #y
=28.1-10"m? V-'s~'and H* thus acts as the terminator, also for Li* migrating as
a sample zone. Fig. 13b shows the case where the concentrations were decreased by an
order of magnitude. Here 0.0018 M formic acid serves as the leading zone as the
calculated effective mobility of H* is ity = 97.1 - 107° m? V~! 7!, In this system
sodium is the terminator and K* can be determined here without problems.

Under Correct migration of sample zones, the coexistence of normal and inverse
systems of zones was predicted, resulting in a combined system with the potential to

6'3 5‘8 mC

Fig. 12. Experimental record of an analysis in the system with 0.01 M HCl as the leading electrolyte and 0.01
M TBAOH + acetic acid (pHt = 4.9) as the terminator. The sample was | gl of a solution containing ca. 0.5
mM of the following bases: (1) K *, (2) Ca®*, (3) Na*, (4) pyridine, (5) piperidine, (6) lutidine, (7) ammediol,
(7) collidine, (8) Tris, (9) ornitine, (9) histidine, (10) lysine, (10) citrulline, (11) ephedrine, (12) arginine and
(13) procaine; steps 7,9 and 10 on the record correspond 1o mixed zones. TBA = tetrabutylammonium; CS
isotachophoretic analyser, /= 50 uA, R = conductivity detection signal.
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Fig. 13. (a) Isotachopherogram of [ ul of 0.01 M LiNOj in the system with 0.015 M sodium formate as the
leading electrolyte and 0.01 M formic acid as the terminator. Shimadzu IP-3A instrument, [ = 300 HA
(separation), 40 A (detection). (b) Isotachophoregram of 0.1 ul of 0.015 M KCl in the system with 0.0018
M formic acid as the leading electrolyte and 0.0015 M sodium formate as the terminator. Shimadzu IP-3A
instrument, I = 50 pA (separation), 5 pA (detection), PGD = potential gradient detection signal.

show the correct isotachophoretic migration and analysis of the zone of the H*
constituent. Fig. 14 confirms this theoretical assumption by experiment; the leading
electrolyte was 0.005 M ammonium formate -+ 0.0024 M formic acid and the
terminating electrolyte was 0.0036 M lithium formate + 0.0024 M formic acid.
Fig.14a shows a blank run; the small zone of H* on the record indicates that the

a Li b Li
PGD H
NH, NH,
5152 51 52 53 54 mC
mC <
6
34
0 30 60 nmol HCI

Fig. 14. (a, b) Isotachopherograms in the system with 0.005 A ammonium formate + 0.0024 M formic acid
as the leading electrolyte and 0.0036 M lithium formate + 0.0024 M formic acid as the terminator. (a) Blank
run; (b) 2 ui of 0.015 M HCl sampled (zone H). Shimadzu IP-3A instrument, / = 100 pA (separation), 25 yA
(detection). (¢) Calibration line for the above system and 0.015 M HCI as the sample in the range 05 pl.
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Fig. 15. Isotachopherogram of phenylalanine (Phe) and glycine (Gly) in the system with 0.05 M HCl as the
leading electrolyte and 0.02 M hydroxyproline (Hyp) + 0.06 M HCI as the terminator. Shimadzu 1P-3A
instrument; the sample (0.01 M glycine, 0.02 M phenyalanine, 0.04 M HCl) was introduced electrically (20
uA for 1 min) into the detection capillary; [ = 100 pA.

balance of the velocities of the H* — NH; and Li* — H™ boundaries is nearly
perfect. Fig. 14b shows the record of the analysis of 2 ul 0f 0.015 M HCI; the calibration
line in Fig. 14c confirms the possibility of isotachophoretic determination of H™.

An important practical aspect of the theory presented here is the possibility of
constructing correct isotachophoretic systems working at very low pH (see last part of
the section Correct migration of sample zones and Fig. 8). This opens the way to the
protonation and analysis of even very weak bases. Fig. 15 shows the results for glycine
(pKxu = 2.35) and phenylalanine (pKxy = 2.58) in the system with 0.05 M HCl as the
leading electrolyte and 0.02 M hydroxyproline + 0.06 M HCI as the terminating
solution. In accordance with theory (¢f., Fig. 8), correct migration of both sample
zones is seen.

CONCLUSIONS

The fundamental feature of a correct isotachophoretic system is that the
migration of H* (in cationic isotachophoresis) and/or OH™ (in anionic isotacho-
phoresis) is fully controlled. This is achieved, from the classical point of view, by the
selection of a suitable leading electrolyte with a suitable buffering counter ionic system
which controls fully the effective mobility of H* and/or OH ™ so that it forms the real
or potential terminator of the whole system. In such a system the parameters of the
terminating zone are also unambiguously controlled by the leading zone and the
parameters of the terminating electrolyte itself (especially it pH) do not show any
influence on the behaviour (parameters) of the sample zones.

It has been shown in this paper both theoretically and experimentally that
inverse systems where H™ (in cationic isotachophoresis) and OH~ (in anionic
isotachophoresis) serve as the leadingions may show, under certain conditions, correct
behaviour. In cationic isotachophoresis, e.g., H" serves as the leading cation and the
terminator is formed by a suitable cation (e.g., organic base, B) the zone of which
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contains also some amount of H*. Thus, the velocity of the T — L boundary is
a function of the composition of both the leading and terminating zones. As H* forms
here its individual zone, the concepts of the H* constituent and of its effective mobility
may be introduced; the actual value of the latter depends on the parameters of both the
leading and terminating zones {(cf., eqn. 12).

By calculation of the effective mobility of the leading H* constituent and of the
terminating constituent B, and also the pH values of their zones, one may decide for
a given substance X whether it provides a correct isotachophoretic zone in the
B — H system.

From a more detailed treatment of the theory of cationic systems with a weak
acid as the counter ionic substance, it follows that from each combination of two
arbitrary zones of “acid” (constituent H*) and ““base + acid” (constituent B), one can
construct a correct isotachophoretic system. There remains only the question of which
is the correct order of these two zones (i.e., B as the terminator and H* as the leader or
vice versa). This order can be established by the calculation of the parameters of both
zones (as indicated under Theoretical), especially of the effective mobilities #y i and
ig 1, and by their comparison according to conditions 14 and 15. The concentration
level of the electrolyte system here plays an important role. The detailed study of both
classical and inverse systems has revealed that a combined system may exist where H*
can migrate and be determined as an individual zone constituent, e.g., between the
acidic zones of ammonium formate (leader) and lithium formate (terminator).

From the quantitative point of view, the systems in question show prolongation
of the sample zones. This prolongation is the more pronounced the more acidic the
terminator is. To achieve a good reproducibility of the analyses, the composition (pH)
of the terminating solution should remain constant. This could be ensured by using
fresh terminating electrolyte in the terminating electrode chamber after cach analysis.
To avoid the disturbing electrode reactions producing H* at the anode it is advisable
to use acetate or formate instead of chloride for the preparation of the terminating
solution.

The practical aspects of acidic systems with H* as the leading constituent consist
not only in the possibility of determining very mobile ions (such as K* or NH, %) but,
especially, in the potential to determine also very weak bases with pKxy even lower
than 2.

SYMBOLS

Cij concentration of ion / in zone j

Ci,j concentration of constituent i in zone

F Faraday constant;

k; calibration constant of constituent i

Kiua dissociation constant of acid HA;

Kgy dissociation constant of protonated base B;

L leading zone, leading constituent;

N; amount of constituent i

0 zone passage charge of constituent i

T terminating zone, terminating constituent;
u; electrophoretic mobility of ion i
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i effective electrophoretic mobility of constituent i in zone j;
Wg_y rate of movement of boundary B — H (volume per charge);
K; conductivity of zone j;

': stationary boundary;

> moving boundary with indicated direction of movement.
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SEPARATION PROCESS IN ISOTACHOPHORESIS
III. TRANSIENT STATE MODELS FOR A THREE-COMPONENT SYSTEM
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Applied  Physics and Chemistry, Faculty of Engineering, Hiroshima University, Shitami, Saijo,
Higashi-hiroshima 724 (Japan)

SUMMARY

The separation of a three-component mixture (4,5-dihydroxy-3-(p-sulpho-
phenylazo)-2,7-naphthalenedisulphonic acid, monochloroacetic acid and picric acid)
was measured by the use of a multichannel ultraviolet-photometric zone detector. Two
theoretical models which previously applied to binary systems were extended to treat
the transient state of a three-component system. The formulation and the computa-
tional procedure are described in detail. Good agreement was obtained between the
observed and simulated boundary velocities and resolution time, confirming the
validity of the models used. Especially, the slight sample pH dependence of the
resolution time was successfully simulated by one of the models (modified sample
property reflecting model). The decrease in the separation capacity in the three-
component system in comparison with that in the binary system was explained by the

difference in the boundary velocities caused by the different potential gradients of the
mixed zones.

INTRODUCTION

In isotachophoresis it is known that the resolution times for two adjacent
samples in the separation of a multi-component system are always larger than those
when the equivalent two samples are separated independently. As far as we know, the
transient state for a three component system has not yet been simulated and the cause
of the above decrease in the separation efficiency with increasing number of
components in a sample has not been elucidated theoretically.

In the previous paper!, two transient state models were proposed for the analysis
of binary systems. One is based on the transient state model proposed by Mikkers et
al.>*.In this model the resolution time depends on the pH of the sample solution (pHyg)
besides the pH of the leading electrolyte, the mobility of the buffer used, the mobilities
and pK, of the sample components, the migration current, etc. Since this model is
sample property reflecting, we will abbreviate it as the SPR model.

According to the SPR model, the agreement between the observed and simulated

0021-9673/89/%$03.50 © 1989 Elsevier Science Publishers B.V.
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resolution time was very good in the case of a weak acid-weak acid system, however in
the case of a strong acid-weak acid system the pHs dependence was overestimated. It
was concluded that the above overestimation of the pHg dependence was caused by the
pH of the injected sample solution being perturbed by the buffer ions from the leading
electrolyte at the initial stage of migration'. Then the SPR model was modified by
considering the pH perturbation (the modified SPR model, MSPR). According to the
MSPR model, the pH of the injected solution interfacing with the transient mixed zone
was not kept constant after the start of the electrophoretic process. The pH shifted to
higher values in anionic analysis. The shift was large enough to decrease the pHg
dependence on the separation capacity of a strong acid-weak acid system. The
discrepancy between the observed and the simulated resolution time was less than 10%
when the MSPR model was used'.

The other model proposed was based on the separation diagram suggested by
Brouwer and Postema®. In this model the separation efficiency was not affected by pHs
(non-SPR model). It was concluded that the estimation by the non-SPR model was not
valid exactly, however from the practical viewpoint it cannot be denied absolutely
because the simulated and the observed ,.s agreed within ca. 20% not only for a weak
acid-strong acid system but also a strong acid-strong acid system.

In this paper the MSPR and non-SPR models developed for binary systems were
extended to treat three-component systems. To examine the validity of these models,
the transient state of the system 4,5-dihydroxy-3-(p-sulphophenylazo)-2,7-naphtha-
lenedisulphonic acid (SPADNS)-monochloroacetic acid (MCA)-picric acid (PIC)
was observed by the use of a multi-channel UV-photometric detector®, and the
observed resolution time and the boundary velocities were compared with the
theoretical estimates. The cause of the decrease in the separation efficiency of the
three-component system in comparison with that of the equivalent two-component
system is discussed in detail.

THEORETICAL

Fig. | shows the separation diagram for a three-component mixture (I) of A,
B and C. Three mixed zones ABC, AB and BC are formed in the separation process.
The diagram is in accord with the separation diagram for a multi-component mixture
reported by Brouwer and Postema*. The solid lines in Fig. 1 shows the separation
process in the particular case that the zone length of the injected sample solution is
equal to the whole zone length at the steady state. When the concentration is high for
the equivalent sample, the separation process may follow, for example, the broken
lines. It was assumed that the separation diagram when the distance of the boundaries
from the position of sample injection, D> =0 does not depend on the sample
concentration. It was revealed in the preceding paper’ that this assumption is not
strictly valid, but as already discussed it was useful as a first approximation. As
revealed later, one of the practical utilities of the non-SPR model is that three mixed
zones (ABC, AB and BC in Fig. 1) can be analyzed independently and therefore the
time required for the iterative calculations to reach a self-consistent state is very short.

The distance, D, from the position of sample injection (the initial interface of the
injected sample solution and the leading zone) was expressed as a linear function of
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Separation process

Distance ~

inj,

res,BC time —

Fig. 1. Separation diagram for a three-component mixture in a separation tube. Distance = distance from
injection port(inj.); time = migration time, I = zone of injected sample solution; L = leading zone; A,
B and C = steady state zones; ABC, AB and BC = mixed zones; T = terminating zone and f,., gy =
resolution time of zone BC.

time, 1. We will call these linear functions the boundary functions. The separation
diagram in Fig. 1 can be described by the following boundary functions

Dyja = Vipt )
Dap = Vit — Ia 2
Dy = Vit — (la + Iy) (3
Dcpr =Vt — (Ia + h + &) “)
Dajag = Vajupt (5
Dagp = Vagmt — Do.apm 6)
Dgc = Vimct — Dopme @
Dycic = Vicet — Do peje (®)
Dapiasc = Vapjasc! )
Dasese = Vascpet — (Ia + Iy + Io) (10)

where AB, BC and ABC denote the mixed zones, Vi the isotachophoretic velocity,
V the velocity of the boundary, Dy, the intercepts of the boundary function and I,, I,
and /c are the zone lengths of the components at the steady state, which vary in
proportion to the sample amounts.

The velocities of the mixed zone boundaries can be derived from the moving
boundary equation® as :
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VA/AB = EABn_’lB,AB (11)
VAB/B = EAB”_?A,AB (12)
Vepe = Epcficnc (13)
VBC/C = EBC"’—"B,BC (14)
Vapasc = Eapciic.asc (15)
VABC/BC = EABC”’_’lA,ABC (16)

where E denotes the potential gradient of the mixed zone and m the effective mobility
of the sample components in the mixed zone, for example, r4 apc is the effective
mobility of A in the mixed zone ABC.

Non-SPR model for three-component system

This model directly depends on the separation diagram shown in Fig. 1: the total
amount of samples in the zone interposed by the boundaries L/A and C/T equals the
injected amount, and is constant regardless of whether the separation process is at the
transient state or at the steady state. It should be noted that both the non-SPR and the
MSPR models utilize the effective mobilities of samples and the buffer, the
concentration and the zone length at the steady state. These can be simulated exactly as
reported previously 8.

Mixed zone ABC. Relationships between the sample concentrations of the
steady state zones, Chg, Chs and Cig, and those of the mixed zone ABC can be
derived, which are closely related with ¢,

Caasc = Iaf(a + I + I0)Chs (7
Chanc = lp/ila + Iy + I0)Cys (18)
Coanc = lo/Ua + Iy + l0)Ces (19)

The concentration of the buffer ion in the mixed zone ABC can be expressed as
Coanc = (aCona + BCop + cCo0)/(a + I + o) (20)

where Cj 5, Co s and Cy ¢ denote the buffer concentrations in the steady state zones,
A, Band C.

On the other hand, resolution time of the mixed zone ABC is obtained by solving
the simultaneous eqns. 9, 10, 15 and 16:

tresanc = (Ia + I + lo)/[Easc(Ma anc — Mc.arc)] (21)

The iterative calculations to fulfil the electrophoretic conditions were as follows.

(1) Ia, I, Ic, Cas, Chs, Cos, Co,a, Co,p and Cq ¢ were evaluated from the steady
state analysis”8,

(2) The mobilities of the sample components A, B and C and the buffer ion
Q were calculated on the basis of the dissociation constants and the pH of the mixed
zone. In the first stage of iteration, the pH of the zone ABC(pH apc) was assumed equal
to the pH of the leading electrolyte (pH,). The correction for ionic strength was
considered for the mobilities and acid dissociation constants throughout the present
simulation.
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(3) C,ancs Ch.anc and Ck 4pc were evaluated by use of eqns. 17-19. The partial
concentrations of the component ions at pH e were also calculated.

(4) Cqapc was calculated on the basis of the electroneutrality principle
(CQ.ABC = CTQl).

(5) Co,ac Was calculated by use of eqn. 20 (= CTQ2). The partial concentration
of the buffer ion at pHuge was calculated from CTQ2.

(6) The specific conductivity of the mixed zone, Kagc, Was calculated considering
all ionic constituents.

(7) The potential gradient of the zone ABC(E,pc) was calculated by the use of
Kasc and the migration current.

(8) CTQI should be equal to CTQ2. The consistency was checked by use of the
following RFC function:

RFC = (CTQI/CTQ2) — 1 2)

Until RFC was considered as zero (actually we used a threshold value of 10~ %), steps
1-8 were repeated, varying the pH of the mixed zone. The right direction of the pH
change was judged by the change of [RFC].

Mixed zone AB. Instead of eqn. 20 for the mixed zone ABC, the total
concentration of the buffer ion in the mixed zone, Ch.ap, Was calculated from the
following equation derived from the moving boundary equation® for the boundary
A/AB:

moaEa + Mg apEay
(Mo.ap + fig o) Eag

OQ.AB = ’ CQ,A (23)

The potential gradient, E,y, was also derived from the moving boundary equation:

maCy
MaaBCaan + g ap(Ch — Cy.ap)

EAB = E, (24)

The total concentrations of the components A and B can be expressed as follows by
applying the moving boundary equation to the boundary AB/ABC:

(Ma,apc — Mic.apc)Easc
Chap = —= — -C 25
A-AB M aBEas — FicapcEape € 23)
m — m FE
Chnp = (Mg anc c.aBc)Eanc CClyanc (26)

Mg apEap — Mc ascEanc

The resolution time, f,e; A, can be expressed as in the binary system usingeqns. 2and S:
tres.aB = Ia/(Vip — V asaB) (27

The iterative calculations for the mixed zone AB were performed as follows.
(1) The mobilities of the sample components A, B and C and the buffer ion
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Q were calculated on the basis of the dissociation constants and the pH of the mixed
zone. In the first stage of iteration, the pH of the zone AB{(pH ) was assumed equal to
pHagc-

(2) Ch.ap was calculated by use of eqn. 23 (= CTQ3). The partial concentration
of the buffer ion at pHay was calculated from CTQ3.

(3) The potential gradient of the zone AB(£,5) was calculated by the use of eqn.
24.

(4) C ap and Chap were evaluated by use of eqns. 25 and 26. The partial
concentrations of the component ions at pH,g were also calculated.

(5) Chyas was calculated on the basis of the electroneutrality principle
(Conn = CTQ4).

(6) CTQ3 should be equal to CTQ4. The consistency was hecked by use of the
following RFC function:

RFC = (CTQ3/CTQ4) — 1 (28)

Until RFC was considered as zero (actually we used a threshold value of 1077, steps
1-6 were repeated, varying the pH of the mixed zone.

Mixed zone BC. The moving boundary equation® was adopted for the boundary
BC/C, the following expression for the total concentration of buffer being derived:

mqcEc + My pcEnc
(Mqpc + My pc)Eac

Conc = - Coc (29)

The potential gradient, Eyc, i given by:

n_chCC‘C

Epc = — —
mC,BCOC,BC + mB,BC(CC - GC,BC)

(30)

The total concentration of the components B and C can be expressed as follows by
applying the moving boundary equation to the boundary ABC/AB:

(n_’lA,ABC - n_’lB,ABC)EABC
OB,BC = - _ ' qi,Al)C (31)

m_A,ABcEABC — My pcksc

7 — M E
Chpe = (_mA,ABC mC,A_BC) ABC Chanc (32)

s apcEanc — Micpckrc

The resolution time, f,., pc, may be expressed as follows:

tresne = Ic/(Vicie — Vip) (33)

The iteration was carried as described for the mixed zone AB.
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MSPR model for three-component system

This model does not utilize eqns. 17-20 to express the concentration of the zone
constituents. Instead, the moving boundary equation® was adopted for the boundary
between the injected sample solution and the mixed zone ABC on the assumption that
the boundary is solvent-fixed. The formulation and the iterative calculation were
somewhat complex, a more exact simulation was expected in comparison with the
non-SPR model.

In the MSPR model, a zone (I*) of which the pH is different from the pHg is
considered between the injection position and the boundary moving with velocity
Eimq,(E, = the potential gradient of the injected solution and mq, the effective
mobility of the buffer ion)". The pH perturbation was caused by the counter ion from
the leading electrolyte. On the assumption that the velocity of the boundary I*/ABC is
zero, the concentration of the counter ions in the zone I*, Co.1*, can be written as
follows from the continuity principle

CtQ,]* = ELI’F[Q‘LC'Q,L/EIH_?Q,. + CQJ (34)

where £ denotes the potential gradient of the leading zone, g, the effective mobility
of buffer ions in the leading zone and Cf, and Cy, the total concentration of buffer in
the leading zone and in the initial sample solution respectively. Although the sample
concentrations in the zone I* are equal to those of the injected sample solution, the
potential gradient and effective mobilities are different from those in the injected
solution.

Mixed zone ABC. On the assumption that the boundary 1*/ABC is an ideal
concentration boundary, namely the boundary velocity is zero, one can obtain the
following equations to correlate the concentrations of the sample solution and those of
the mixed zone

El*’hA,l*ClA,l* - EABC”’A.ABCOA,ABC (35)
Ey*my *Cy1* = Eapcts apcCh.anc (36)
E*mc*Cei* = EapcticancCh.apc (37

where E* is the potential gradient of the zone (I*) actually interfacing the mixed zone
ABC, rma *, g * and mc,* the effective mobilities in the zone and Ciy*, Chi* and
Cc,* the total concentrations in the zone. Hereafter I* is abbreviated as I for
convenience. From these equations the ratios of the sample concentrations in the zone
ABC can be expressed as;

Ch apc Ma apctip 1Ch g _
= = — = F5 (38)
OA,ABC mB,AchA.lCAJ

Ct anc _ mA,ABCmC.lCC,l = F, (39)

OA,ABC ’hC,ABCmA,ICA,I
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From the electroneutrality relationship in the mixed zone, the concentrations of
components A, B and C can be calculated

Cuasc = Fi/(F; + F3Fs + F4Fs) (40)
Ch.anc = CaancFs (41)
Ceasc = CaancFs (42)
Fi = —[Cu — Con + Coasc/(l + ko/Cy)] (43)

Sl "

1+ Z <HkA ,)

i, &) .

1+ Z <Hk3 )

...l
R

where Cy and Coy denote the concentration of H* and OH™, Cjspc the total
concentration of buffer in the zone ABC, ko, ka, kg and k¢ the acid dissociation
constants, z, ;, zp,; and z¢; the ionic charge of the ith dissociated ion of the components
A, B and C and n,, ng and nc the numbers of the constituent ionic species. The
monovalent cationic buffer was assumed in eqn. 43.

On the other hand, the following relationship is obtained between the buffer
concentration of the mixed zone AB and that of the mixed zone ABC by applying the
moving boundary equation to the boundary AB/ABC:

”M:n

H

7 7 E
GQ - = Emc,ABC + mQ,A_BC) ABC Ch anc 47)

e apcEapc + MoasEas

By combining eqns. 23 and 47, one obtains a relationship between the buffer
concentration of the mixed zone ABC and that of the zone A at the steady state:

(tc.ancEanc + Mo apEan) (g aEa + Hig apEan)
(mcanc + Mqanc)Eapc(figas + ip ap)Ean

Co.anc = " Coa (48)
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The potential gradient of the zone ABC(E,pc) in eqn. 48 can be estimated by the
following equations which correlate Exyc and E,:

Eapc = mAOAmA,ABGA,ABEA/(F7F8) (49)
Fy = My apCh + (ipap — ip.an)Chan (50)
Fy = mcapcChap + (s anc — Micapc)Chanc (51

Eqns. 48 and 49 contain Eag, s o and 7y o5 suggesting that the mixed zone ABC
cannot be analyzed independently, in contrast to the non-SPR model.

Mixed zone AB. From eqns. 25 and 35, the concentration of component A of the
mixed zone AB can be correlated with that of the injected solution. The concentration
of component B can be correlated in a similar manner. Accordingly the ratio of the
sample concentrations can be expressed as follows:

Ci.an . Fomp aptig 1Cy
Chaas Fyomig apriin 1 Ca,

(52)

m —m
Fo = — (Mc,anc ?,ABC) (53)
Hic apcEasc — g apFEagp

Fio = — (mcapc — A ABC) (54)

¢ apcEapc — M apEasp

In case of the binary system, Fy and Fi, in eqn. 52 are unity. Eqn. 52 contains the
effective mobilities of the components A, B and C in the zone ABC and the potential
gradient. Thus the zones ABC and AB should be analyzed simultaneously. The buffer
concentration and the potential gradient of the zone AB can be correlated with those of
the zone A as shown in eqns. 23 and 24.

Mixed zone BC. From the moving boundary equations for boundary ABC/BC,
the concentration ratio of the components B and C can be expressed as follows:

OC.BC _ F110C,ABC
C‘1B,BC FlZOB,ABC

(35)

(M apc — s apc)Eanc
F11 =

(56)

M acEse — M apcEanc

Foo o= (g aBc — Ma apc)Eanc (57)
12 = — -
mg pcEpc — Mia apcEapc

The concentration of buffer can be expressed as:

7 7 E
Chonc = (Mo,apc + Ma,aBc)Eanc  Chyanc (58)

MqscEac + Ma apcEanc
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The potential gradient, Egc, 1s correlated with Eapc as:

(Mg, apc — rhA,ABC)G),ABC + mA,ABCGi,BC
Eye = - E 59
BC = C — ABC (59)
B,BCB,BC

Thus in the MSPR model, even if the sample amount is constant, the properties
of the mixed zone (the pH, the total concentration of the constituents, the effective
mobilities, the potential gradient) depend on the pHg, therefore the resolution time
depends on pHg. This dependence is remarkable in that weak electrolytes are contained
in the sample system.

As mentioned before, the properties of the mixed zones ABC, AB and BC are
correlated with each other; they cannot be analyzed independently in contrast to the
case of the non-SPR model. By the use of the present formulation, at least the zones
ABC and AB can be treated at once. The iterative calculations to reach the
self-consistent state using the above equations are as follows.

(1) Ia, I, lc, Ciy.s, Chs, Ces, Co.ar Co.p and Cy ¢ were evaluated from the steady
state analysis”'®. The pH, potential gradient, the effective mobilities in the zone I* were
evaluated by iterative calculation so as to fulfil eqn. 34.

(2) The zone AB was analyzed using the MSPR model for a binary system to give
appropriate initial values in the subsequent iterative calculation. This process is
decisive for the smooth convergence of the iteration.

(3) The zone ABC was first treated. The effective mobilities of the sample
components A, B and C and the buffer ion Q were calculated on the basis of the
dissociation constants and the pH of the mixed zone. In the first stage of iteration, the
pH of the zone ABC(pH zp¢) was assumed being equal to the averaged pH of the steady
state zones.

(4) The potential gradient of the zone ABC(Eapc) was calculated by the use of
eqn. 49. In the first stage of the iteration, E,p and the effective mobilities in the zone AB
were those estimated in the above step (2).

(5) Ciy.anc was calculated by use of eqn. 48. The partial concentration of the
buffer ion at pHapc was also calculated.

(6) Cuancs Chanc and Ceapc were evaluated from the electro neutrality
relationship using eqns. 40-46. The partial concentrations of the component ions at
pHagc were also calculated.

(7) The specific conductivity of the mixed zone, xapc, was calculated considering
all ionic constituents.

(8) The consistency of the current density was checked by use of the following
RFQ function

RFQupc = (EABCKABC/ELKL) -1 (60)

where E; and k. denote the potential gradient and the specific conductivity of the
leading zone. In the first stage of iteration RFQapc Was never zero, since E,p and the
effective mobilities in the zone AB were the assumed values. To decrease |RFQ4gcl,
more appropriate values were necessary.

(9) Then the zone AB was treated. The effective mobilities of the samples and the
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buffer were calculated at the pH of the mixed zone (pHug). In the first stage of
iteration, pHap was assumed equal to that estimated in step (2).

(10) The potential gradient, E,, was calculated by eqn. 24.

(11) Cy g was calculated by use of eqn. 23.

(12) Ciy g and Ck a5 were evaluated from the electroneutrality relationship on
the basis of the concentration ratio (eqn. 52). ’

(13) The specific conductivity of the mixed zone, kg, was calculated considering
all ionic constituents.

(14) The iterative calculation, steps (9)—(13), was carried until the following RFQ
function was zero on varying pHap:

RFQas = (Eapkan/ELky) — 1 61)

Unless the estimated properties of the zone ABC were extremely wrong, the iterative
calculation converged within 30 cycles.

(15) After the convergence of RFQ,y, the new values of Exg and the effective
mobilities were obtained. Using these values, steps (3)-(14) were repeated varying
pPHagc until [RFQugcl was less than 10 ~°. When pH ape and pH ap were determined, all
properties of the zones ABC and AB were obtained simultaneously.

(16) Last, the zone BC was treated. The effective mobilities of the samples and
the buffer were calculated at the pH of the mixed zone (pHyc). In the first stage of
iteration, pHgc was assumed equal to pH ,p.

(17) The potential gradient, Epc, was obtained by use of eqn. 59.

(18) Cy pc was calculated by use of egn. 58.

(19) Ci.nc and C yc were evaluated from the electroneutrality relationship on
the basis of the concentration ratio (eqn. 55).

(20) The specific conductivity of the mixed zone, kpc, was calculated considering
all ionic constituents.

(21) The iterative calculation, steps (16)—(21), was carried out until the following
RFQ function was regarded as zero upon varying pHyc:

RFQgsc = (Epckpe/Eky) — 1 (62)

Thus all mixed zones were analyzed successfully. It should be noted that RFQupc and
RFQuz have to be zero simultaneously.

The resolution time of the mixed zone AB(¢,.an) can be expressed by eqn. 27.
However, in the MSPR model, ¢, of the mixed zones ABC and BC were not expressed
by eqns. 21 and 33, because the equations were derived from the separation diagram in
Fig. 1 on the assumptions that the intercepts of the boundary functions of ABC/BC,
BC/C and C/T coincide with each other. Once f, 45 Was evaluated, the boundary
function of AB/B (eqn. 6) can be expressed as follows:

Dapg = mip apEast — (aap — Wi ap)Ennlres.AB (6)

Using eqns. 6" and 9, one can obtain t,. apc Without use of the above assumption as
follows:
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(Mg, ap — s ap)Eanlres an 63
’res,ABC = - E — E ( .)
Mc.aBcLABC — M ,ABLAB

Similarly, the boundary function of B/BC (eqn. 7) can be expressed USIing f,es.anc as
follows:

- —_ - !
Dype = mcpcEnct — (Mcpcloc — Mo ancEanc)tres,anc (7

Then £, sc can be defined as the time when the difference of the distances between eqn.
7" and eqn. 2 for the boundary A/B equals the steady state zone length, /g

p a4+ By + (mc.ascEasc — HicpcERc)ires aBc (64)
resBe Vie — mcpcEnc

The boundary functions of BC/C and ABC/BC can be expressed as follows:

Dycic = M peEpct — [(Mgne — Hicpe)Epclrespc +
+ (Mcpckuc — e, apcEanc)tres anc) (8)
Dagcisc = MaapcEasct — (M anc — Mic anc) Eanclres anc (10"

Using the above formulation, a computer program SIPSR for the analysis of the
transient state of the binary system' was modified to deal with the three-component
system. The difference in the estimates between the non-SPR and the MSPR models is
discussed in a later section.

EXPERIMENTAL

A 32-channel UV-photometric detector was used to observe the transient
isotachopherogram®. The 32 photometric cells with photodiode detectors were
arrayed along the separation tube at intervals of ca. 5 mm (16.6 cm/32 channels).
Quartz optical fibres were used to pass UV light from a deuterium lamp to the tube.
The UV light from each lamp was passed through an UV-glass filter (Toshiba Glass,
Tokyo, Japan; Model D33S, A... = 330 nm). A single cycle to scan the 32 detectors
required ca. 0.25 s, and the speed was sufficiently high to trace the variation of the zone
lengths accurately. For the data acquisition, an NEC PC9801E microcomputer was
used (Tokyo, Japan). The separating tube (polychlorofluoroethylene) was 0.51 mm
I.D. and 1 mm O.D. All experiments were carried at 25°C.

The samples were SPADNS, MCA and PIC. Except for MCA, these samples
absorb visible and UV light. The sodium salt of SPADNS was obtained from Dojin in
the most pure form. The others were obtained from Tokyo Kasei (extra pure grade).

The concentration of the leading electrolyte (HCI) was 5 mM. The pH was
adjusted to 3.6 by adding f-alanine. The terminator was 10 mM caproic acid.
Hydroxypropylicellulose (HPC, 0.2%) was added to the leading and terminating
electrolytes to suppress electroendosmosis. The viscosity of the 2% aqueous solution is
10004000 cps at 20°C according to the specification. The sample solution was injected
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into the terminating electrolyte near the boundary between the leading and the
terminating electrolytes. The pH of the terminating electrolyte was also adjusted by
f-alanine to ensure the pH of the sample solution at the initial stage of migration was
equal to the prepared value. The pH measurements were carried using a Model F7ss
expanded pH meter (Horiba, Tokyo, Japan).

The data processing and the simulation were performed by the use of an NEC
PC9801VX microcomputer.

RESULTS AND DISCUSSION

Under the electrolyte conditions used, the samples were detected in the order of
SPADNS, MCA and PIC. The simulated effective mobilities, m, at the steady state
were 47.7 - 107°,35.1 - 1075,and 29.3 - 10~ > cm?® V™! s~ !, and the Ry, values (Rg =
my/ms = Eg/E;, where E = the potential gradient and L and S are the leading and
sample ions) were 1.59, 2.16 and 2.59 respectively. Table I shows the mg and pK, values
of the samples and electrolyte constituents used in the simulations.

The mobility and pK, vatues of SPADNS were obtained by the isotachophoretic
method. The pK, value of the trivalent anion was rather high considering the chemical
structure, suggesting that ion pairs might be formed between the f-alanine monocation
and the SPADNS trianion. However, we treated them as free ions, because the
simulated zone lengths and the Rg values agreed well with those observed.

Validity of the transient state models

At first the validity of the models was examined by comparing the observed
resolution time with that observed. The sample was an equimolar (1.39 mM) mixture
of SPADNS (S), MCA (M) and PIC (P). The pH values of the sample solution (pHg)
were 3 and 4.

Fig. 2 shows the evolution of the observed transient isotachopherograms of the
SPADNS-MCA-PIC system. The number of data used for the evolution was 2600
(650 s). The pHg was 3 and the sample amounts were 11.1 (A), 16.7 (B) and 22.2 nmol
(C) respectively. In Fig. 2, the boundaries between the leading and SPADNS zones

TABLE I
PHYSICO-CHEMICAL CONSTANTS USED IN SIMULATION (25°C)

mo = Absolute mobility (cm? V™' s71) - 10% pK, = thermodynamic acid dissociation constant; assumed
values being used for C17, SPADNS ™ and SPADNS?"~.

Ions mq K,
Cl~ 79.08 -2
B-Alanine™* 36.7 3.552
SPADNS™ 21.0 -3
SPADNS?~ 42.0 -2
SPADNS?~ 63.0 3.55
Monochloroacetate ~ 41.1¢ 2.865
Picrate” 31.5 0.708

“ The mobilities were obtained by our isotachophoretic method or conductivity measurement. The
other mobilities and pK, values are taken from ref. 9.
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Fig. 2. Transient isotachopherogram of SPADNS(S), monochloroacetic acid (M) and picric acid (P)
observed by the use of a 32-channel UV-photometric detector. The sample concentration was 1.39 mM and
the pH was 3. The sample amounts were 11.1 (A), 16.7 (B) and 22.2 nmol (C), The positions of the baselines
of the UV absorption show the distance of the photocell from the sample injection port. The migration
current was 49.2 uA. The leading electrolyte was 5 mM HC! and the pH was adjusted to 3.6 (buffer:
B-alanine). The terminator was [0 mM caproic acid.

have been rearranged at the same abscissa position to demonstrate clearly the change
in the individual zone lengths at the transient state. The observed overall time-based
zone lengths were 222.8, 332.4 and 439.8 s respectively. In Fig. 2A, the mixed zone
observed was only that of MCA and PIC (MP). In Fig. 2B the SPADNS-MCA mixed
zone (SM) was observed too, and in Fig. 2C the SPADNS-MCA-PIC mixed zone
(SMP) was observed in addition to them. The cause of the small peaks in the
terminating zone was not apparent.

In order to determine the boundary detection time and subsequently the
boundary velocity, the observed UV signals in Fig. 2 were differentiated with respect to
time. From the data number at the resultant positive and negative peaks and the
sampling rate, the boundary detection time was obtained. The boundary functions
were determined by the linear least-squares method on the basis of the boundary
detection time and the exact position of each detector. The resolution time was
obtained by solving simultaneous boundary equations. For example, the boundary
functions of S/SM and SM/S were used to obtain ¢, sy. For the evaluation of Z,cs sup,
the boundary functions for SM/M and M/MP were used together with those of
SM/SMP and SMP/MP. They coincided within 10 s and the average was used for
tees.apc- The probable error of the evaluated ¢, was ca. 10 s.

Fig. 3 shows ¢, vs. the time-based whole zone length at pHg = 3 and 4 for the
mixed zones SM, MP and SMP. Apparently f,.,mp depended on pHg. On the other
hand, the pHs dependence of f..sm and f..ssmp Was slight. The best-fitted linear
functions were as follows:
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Fig. 3. The observed resolution time vs. the whole zone length in the SPADNS-monochloroacetic
acid—picric acid system. pHg 3 (8) and 4 (@). For the operating system, see Fig. 1. The sample amounts were
11.1, 139, 16.7, 19.5, 22.2 and 25.0 nmol, respectively.

SMP  fe, = 2.13 tyn — 8.7 pHg = 3.0
fes = 2.08 tyone — 8.0 pHg = 4.0

SM tes = 2.63 tone — 2.7 pHs = 3.0 (65)
tes = 2.60 tyone — 10.8 pHg = 4.0

MP tes = 3.72 tyone — 4.7  pHs = 3.0
les = 3.59 Lone — 9.0 pHs = 4.0

where 1,0, 1S the time-based zone length of the whole sample. The pHg dependence of
tesmp Was ca. 4% over the pH range studied.

Table IT shows the observed and simulated resolution times and the separation
numbers. For simulation, both the non-SPR and the MSPR models were used. The
separation number, which correlates with the amount of sample separable per unit
time, was defined as follows?:

_F o _F na
T0ar (66)

tres

where F'is the Faraday constant, i the migration current and n, the sample amount of
constituent A. The slight pH dependence of 7 mp Was simulated by the MSPR model.
Good agreement between the observed and the simulated ¢, was obtained, confirming
the validity of this model. Although the observed small pH dependence was not
simulated by the non-SPR model, the approximation used in this model is rather good
because the discrepancy between the observed and the simulated ¢, was small. Table
I summarizes the pHs dependence of the observed and simulated boundary
velocities. The agreement was satisfactory.

In our previous work on the binary system MCA-PIC (1:1)!, the separation
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TABLE 11

SIMULATED AND OBSERVED SEPARATION NUMBERS AND RESOLUTION TIMES FOR THE SPADNS-
MONOCHLOROACETATE-PICRATE SYSTEM (1:1:1)

Operational system: leading electrolyte 5 mM HCl-f-alanine (pH 3.60); current 49.2 uA; diameter of the separation
tube 0.51 mm; sample amount 25 nmol. § = Separation number, see text; f,., = resolution time; sim = simulated;
obs = observed.

pHy SMP SM Mmp
sim obs.* sim obs. sim obs.
Non-SPR MSPR Non-SPR MSPR Non-SPR MSPR
Resolution time (s)
3 1037 1040 1049 1258 1286 1304 1788 1808 1843
(1186)" (1367)
4 - 1037 1025 — 1293 1281 - 1765 1774
(1214) (1279)
Separation number
3 0.0390 0.0381 0.0377  0.0274 0.0271 0.0266
+0.0001 +0.0001
(0.0413) (0.0359)
4 — 0.0379 0.0383 - 0.0278 0.0279
+0.0003 +0.0004
(0.0404) (0.0383)

* The probable error for t,., was ca. 10 s.
® The values in parentheses are the estimates when the simulation was carried out for the binary systems.

TABLE 111
SIMULATED AND OBSERVED RELATIVE BOUNDARY VELOCITY AT pHg = 3 AND 4

For the electrolyte systems, see Table 11. ¥y = relative boundary velocity, Vioundary! Vip-

Vr
Non-SPR MSPR obs
pHs = 3
SM/SMP 0.713 0.710 0.724 1+ 0.002
SMP/MP 1.210 1.204 1.154 + 0.004
S/SM 0.784 0.788 0.799 + 0.003
SM/M 1.117 1.121 1.102 4+ 0.012
M/MP 0.886 0.894 0.891 + 0.002
MP/P 1.074 1.073 1.068 + 0.005
pHs = 4
SM/SMP 0.713 0.708 0.720 + 0.005
SMP/MP 1.210 1.201 1.150 + 0.007
S/SM 0.784 0.790 0.795 + 0.001
SM/M 1.117 1.122 1.101 4+ 0.004
M/MP 0.886 0.890 0.881 + 0.006

MP/P 1.074 1.068 1.053 + 0.006
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number decreased with decreasing pHs. A similar tendency was found in the
SPADNS-MCA-PIC system (1:1:1).

Table IV shows the simulated Rg values, effective mobilities and concentrations
of the zone constituents of the SPADNS-MCA-PIC system at both the steady state
and the transient state. The difference in these estimates between the models used was
significant for the sample concentrations in the mixed zone.

Difference in separation capacity between the two- and three-component systems

The resolution time of adjacent samples in multi-component systems is larger
than that of the binary system even if the amount of each component is the same. In
this section the cause of this difference is discussed.

TABLE IV

SIMULATED Re VALUES, EFFECTIVE MOBILITIES AND CONCENTRATIONS IN THE
STEADY AND TRANSIENT ZONES OF THE SPADNS-MONOCHLOROACETATE PICRATE
SYSTEM AT pH, = 3.6 (25°C)

Rg = Ratio of potential gradients, Eonc/ Ereadging, s, My and mp = effective mobilities of SPADNS(S),
monochloroacetate (M) and picrate ions (P) (em? V™' s™!) - 105 pH = pH of zones at the steady and
transient states; Cy, C, and C, = total concentrations of samples (mM); C‘Q = total concentration (mM) of
buffer (B-Ala); mq = effective mobility of buffer (cm? V~!s™1) - 10%; J = ionic strength - 103,

Zone Rg pH ms my  mp C o Gy My C’Q 1
Steady state zone
S 1597 3721 475 — — 1.500 — - 143 9.07 7.66
M 2153 3820 — 352 — - 3669 - 126 8.69 3.32
P 2574 3840 — - 29.5 - — 309 123 833 3.09

Transient zones, three-component system Non-SPR model®
SMP  1.875 3771 489 344 289 0.79t 0791 0791 134 879 557
SM 1760  3.717 481 338 — 0974 1521 — 144 886 6.29
MP 2282 3877 - 357 295 - 2095 1215 11.6 896 3.13

MSPR model® pHy = 3
SMP 1868 3769 489 344 288 0.793 0785 0.813 13.5 881 559
SM 1.752 3756 485 342 — 0954 1.353 — 13.7 894 6.10
MP 2305  3.827 — 353 294 - 2.140  1.295 125 855 324

MSPR model® pHs = 4
SMP 1862 3768 489 344 288 0.797 0828 0767 135 882 5.60

SM 1.754  3.756 486 342 — 0.948 1.368 - 137 894 6.08

MP 2295  3.826 — 353 294 — 2.232 1.218 125 856 3.24
Transient zones, two-component system Non-SPR model®

SM L.716  3.748 483 340 — 1.070 1.070 — 13.8 897 643

MP 2360  3.830 - 353 294 — 1.679 1.679 124 850 3.20
MSPR model® pHg = 3

SM 1718 3749 483 341 — 1.063 1.087 - 13.8 897 641

MP 2368  3.830 - 353 294 — 1.617 1.731 124 849 320
MSPR model® pHg = 4

SM 1.728 3,751 484 341 - 1.030 [.167 - 13.8 896 632

MP 2353 3.830 — 353 294 - 1.741 1.626 124 850 3.21

? For the definitions of the transient state models, see text.
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The equimolar SPADNS-MCA-PIC, SPADNS-MCA and MCA-PIC systems
were analyzed by the MSPR model. The sample amount was 25 nmol, the leading
electrolyte was S mM HClI buffered by B-alanine (pH 3.6), the capillary diameter was
0.5 mm and the migration current was 50 pA. Fig. 4 shows the pHg dependence of the
sample concentration in the mixed zones simulated by the MSPR model (A =
SPADNS-MCA-PIC, B = SPADNS-MCA and C = MCA-PIC). Mixed zones
with the same constituents are formed in the two- and three-component systems. To
distinguish, for example, the SPADNS-MCA mixed zone formed in the three-
component system from that formed in the two-component system, the former was
abbreviated as SM(3) and the latter as SM(2). From Fig. 4B and C, the concentrations
of the sample constituents in the mixed zones SM(2) and MP(2) were similar to each
other when the samples were equimolar. In the SMP zone, the concentrations of the
sample constituents were also very similar. On the other hand, a remarkable difference
was found between the concentrations of SPADNS and MCA in the SM(3) zone.
A similar situation was found for the concentrations of MCA and PIC in the MP(3)
zone. The concentrations of the individual samples in the SM(2) and MP(2) zones were
split into lower and higher values in the SM(3) and MP(3) zones. It should be noted
that the abundance of the more mobile component SPADNS in the SM(3) zone is
smaller than that in the SM(2) zone, and the abundance of the more mobile component
MCA in the MP(3) zone is larger than that in the SM(2) zone. This phenomena was
decisive in elucidating the decrease in the separation capacity in the three-component
system. We call this the concentration splitting hereafter.

Fig. 5A shows the pHs dependence of the Rg values (Enixed sones/ Eleading zone) OF
the mixed zones simulated by the MSPR model. From Fig. 5A the following
relationship among the potential gradients, E, of the mixed zones is valid:
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Fig. 4. The pH; dependence of the sample concentration in the mixed zones simulated by the MSPR model.
(A) SPADNS-MCA-PIC equimolar system, (B) SPADNS-MCA equimolar system, (C) MCA-PIC
equimolar system. C* = Total concentration of the sample. The subscripts SMP, SM and MP represent the
mixed zones of SPADNS-MCA-PIC, SPADNS-MCA and MCA-PIC. For the operating system, see Fig.
1. The migration current was 50 pA and the I.D. of the separating tube was 0.5 mm.
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Fig. 5. (A) The pHg dependence of the Ry values of the mixed zones formed in the SPADNS-MCA-PIC,
SPADNS-MCA and MCA-PIC cquimolar systems. (B) The pHg dependence of the relative boundary
velocities (boundary velocityfisotachophoretic velocity). Figures in parentheses show the number of
components in the sample solution. For the operating system, see Fig. |. The migration current was 50 gA
and the I.D. of the separating tube was 0.5 mm.

Esmy < Esues) (67)
Evray < Ewmpgy

Since the pH values of the mixed zones of SM(2) and SM(3) as well as of the MP(2) and
MP(3) zones were very similar, the main cause of the above relationship was attributed
to the concentration splitting.

Fig. 5B shows the pHs dependence of the relative boundary velocities,
Vioundary/ Vip. The boundary velocities were expressed by eqns. 11-16. From Fig. 5B,
the following relationship is valid:

Vesismz) < Vessma < 1 < Vesmaym < VR sm(aym
(68)
Vemmpeay < Vemmey < 1 < Vempayp < Vr.mp(2)p

From the above relationship and eqns. 27 and 33 for #,¢; gv and #es mp, ONE can easily
estimate the following result:

Iressm2) < Lres.sM(3) (69)

LresMP(2) < lres,MP(3)

The temp3) should be evaluated by the use of eqn. 64, however, the use of the
approximation of eqn. 33 is more straightforward for the present situation.
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Fig. 6. The pHs dependence of ., (A) and the separation number (B) in the SPADNS-MCA-PIC,
SPADNS-MCA and MCA-PIC equimolar systems. For the operating system, see Fig. 1. The migration
current was 50 pA and the L.D. of the separating tube was 0.5 mm.

Fig. 6A and B show the pHg dependence of .., and the separation number (eqn.
66) simulated by the MSPR model. The relationships 69 were valid. In Fig. 6A,
tesmpa) Was evaluated by use of eqn. 33. Apparently, the pHg dependence of ¢
res.Mp(3)” was in conflict with observation, suggesting that the approximation of the
non-SPR approach is not accurate.

Thus the separation process of the three-component system and the decrease in
the separation capacity in comparison with the binary system was elucidated exactly
by the MSPR model. Although the pHg dependence was simulated only by the MSPR
model, at least for the present samples, the non-SPR model was useful for the
approximate evaluation of 7.

As described, the iteration calculations in the MSPR approach to the self-
consistent state were rather complex, and time-consuming. The time needed for the
non-SPR approach for the analysis of the present three-component system was 11 s by
the use of microcomputers equipped with a CPU 180286 (clock 8 MHz; part of the
calculation was performed with a coprocessor i80287). However, it took 80 s when the
MSPR model was used. Beside the transient state simulation, it took 15 s for the steady
state analysis. The selective use of these models may be adequate for the purpose of the
simulation.
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GENERATION OF OPERATIONAL ELECTROLYTES FOR ISOTACHO-
PHORESIS AND CAPILLARY ZONE ELECTROPHORESIS IN A THREE-
POLE COLUMN

J. POSPICHAL, M. DEML, P. GEBAUER and P. BOCEK*
Institute of Analytical Chemistry, Czechoslovak Academy of Sciences, CS-611 42 Brno (Czechoslovakia)

SUMMARY

A new method has been developed for controlling the composition of the
operational electrolytes directly in the separation capillary in isotachophoresis or
capillary zone electrophoresis. The method is based on feeding the capillary with two
different suitable ionic species from two separate electrode chambers by simultaneous
electromigration. The composition and pH of the electrolyte in the separation
capillary is thus controlled by setting the ratio of two electric currents. The theory has
been developed and verified experimentally to predict both the electrolyte composition
in the separation capillary and the time necessary to change this composition in the
required way. Some of the possible ionic matrices realizable in the three-pole
arrangement have been studied experimentally and used in isotachophoretic experi-
ments. The technique described does not require moving parts in the instrumentation
and provides the possibility to make very fine changes of pH in the capillary in
a reproducible and easy way. The procedure itself is feasible for automation.

INTRODUCTION

In the analysis of real samples in capillary isotachophoresis (ITP) or zone
electrophoresis (CZE) it is necessary to choose a convenient electrolyte!. There are two
ways of doing this.

If the ionic mobilities and pK values of the substances to be separated are known,
we can use a computing procedure?; if not, experiments must be done to create an ionic
matrix in the separation column which ensures sufficient differences in the effective
mobilities of the substances to be separated. All ions in the electrophoretic column
move, and therefore the ionic matrix consists of coions and counter ions flowing
between the electrode chambers through the separation column; the composition of
this matrix depends on the composition of the electrolytes in these chambers.
Commonly, only two electrode chambers are used and the ionic matrix can be changed
only by altering the composition of the electrolyte in these chambers. In practice, when
looking for a suitable electrolyte system, laborious and material-consuming wet
chemistry procedures are performed, e.g., preparation of new electrolytes, rinsing,
filling until a successful separation is obtained or optimized.

0021-9673/89/303.50 © 1989 Elsevier Science Publishers B.V.
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The essence of this paper is to describe a new procedure for the above mentioned
purposes, where the required ionic matrix is created directly in the separation column
by electrophoretic means. Here, each ionic species creating the ionic matrix is fed into
the separation column by electromigration from its individual electrode (pole)
chamber and the flow of each ionic species can be regulated electrically by controlling
the magnitude of the current passing through each electrode chamber (each pole). This
paper develops the necessary theory for calculation of the operational electrolyte
composition, the description of suitable equipment for this procedure® and some
model examples of its utilization.

THEORETICAL

The effective mobility of an ion is affected by all ions in its surroundings which
may be called the ionic matrix. An important role in this ionic matrix is played by the
solvolytic ions H* and OH~ which dramatically change the effective mobilities of
weak acids and bases. In an electrophoretic column, when an electric field is applied,
each ionic species migrates in the direction determined by its net charge and creates
a flow of ions. These flows then create an ionic matrix around an individual ion, see
Fig. 1. It is evident that the ionic matrix can be altered by changing these flows.

An electrode chamber filled with a working electrolyte represents a source of
such a flow of ions. If an electrode of given polarity, e.g., + is immersed in a working
electrolyte containing a mixture of a common (G) and a solvolytic (S) ion of the same
polarity, e.g., Na* and H* the concentrations of which are ¢ and ¢ (see Fig. 2), then
the respective electrode chamber produces flows of both ions, Jg and Js. Their
magnitude is proportional to the magnitude of the input electric current, I, passing
through the electrode

J,' = Iuici/K (mol S—l) (1)

where i = G or S, ; is the electrophoretic mobility of ion i and « is the conductivity of
the electrolyte. For the ratio of both flows we may write:

J Csid c
S = 35 2 5 constant )]
Ja CglUg (¥¢;

It is obvious that in the commonly used two-pole arrangement (one cathode and one
anode), the ratio of the flows of ions S and G in the ionic matrix can be changed only by
an exchange of the working electrolyte in the respective electrode chamber, i.e., by
change of the ratio ¢s/cg.

ESSENTIAL COUNTERION |

Fig. 1. Scheme of flows of ions forming the ionic matrix surrounding the analyzed ion X.
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Fig. 2. Electrode chamber containing ions S and G of concentrations ¢s and cg, respectively, as a source of
flow (Js, Jg) of these ions.

The method suggested here allows the flows of ions of the same sign to be
changed continuously and independently of those of the others. The electrode chamber
serves again as the source of the flow of the ions. In this case, however, each electrode
chamber contains only one cation and one anion, i.e., there must be more than one
electrode chamber for poles of the same sign. Each such chamber generates a flow of
one kind of ions which is directly proportional to the magnitude of the electric current
through the corresponding immersed electrode.

Assuming that the electrode chamber contains only one binary strong
electrolyte, we may introduce the transference number, z, into eqn. 1 and write

Ji = LtifziF ©)

where ;s the electric current passing through the electrode in the chamber with ion i, z;
is the charge number of ion i and F is the Faraday constant. When neglecting the
influence of ionic strength on ¢; (within a limited concentration range), we may
conclude from eqn. 3 that the flow of ions i is independent of their concentration in the
electrode chamber.

A pair of electrode chambers of the same polarity which contain ions S and
G and through which pass electric currents /s and I produces ionic flows Jsand Jg (see
Fig. 3) for which its holds that:

é _ IsKC,CSus _ é . kl (4)

Ja Igkscgug I

where k, in a proportionality constant. From this it follows that the ratio of the flows
of the two ionic species S and G is directly proportional to the ratio of the respective
electric currents.

In the case of the common ion G belonging to a uni-univalent weak electrolyte
we must take into account that its solution contains also the solvolytic ion S of the
same sign. The flow of this ion from electrode chamber G must be introduced into eqn.
4

ﬁ _ Isxgesus Cs,GUs é

= = k k 5
Js Iekscgug CGlG I L ®)
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I

Fig. 3. Simultaneous control of the flow of two ions S and G by using two separate electrode chambers, each
containing only one of these ions, by means of input electric currents Is and Ig of the electrodes.

where ¢s g is the concentration of ion S in chamber G and k, is an additive constant.
The resulting ratio of flows depends on the ratio of the electric currents through both
electrodes and its constant part depends also on the composition of the electrolyte in
chamber G.

If a pair of electrode chambers of the described type (of the same polarity) are
connected to a separation column filled with an electrolyte containing, e.g., ion S, then
we may call the electrode chamber which contains ion G the modifying electrode
chamber. In comparison with the normal two-pole arrangement, the modifying
chamber represents an addition which allows modification of the original electrolyte in
the column. In the above example, e.g., the original electrolyte containing ion S is
modified to another one which contains a mixture of ions S and G. If, in the given
analytical arrangement, the ions S and G are counter ions, then naturally the
modifying electrode must be connected to the detection side of the separation column
(see also Fig. 4). If the modification is performed by means of a coion, then the
modifying electrode chamber is connected to the sampling side of the column. After
switching on the electric current, a new zone of the modified electrolyte starts to be
formed at the point of connection of the two electrode chambers to the column. This
zone is displaced into the separation column and thus the modification of the original
electrolyte proceeds. Let us call the original and modified electrolytes the primary and
secondary ones, respectively.

In order to use the above arrangement for electrolyte modification successfully
in practice, two things must be known, viz., the composition of the resulting secondary
electrolyte and the migration velocity of the boundary between the primary and the
secondary electrolytes through the separation column.

Obviously the ratio of the ionic flows from the two electrode chambers equals the
ratio of the flows in the zone, Z formed. In analogy with eqn. 2 we may write:

Is _ Iz _ Csa¥s (6)

Jo  Joz  cgzUG
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By combination of eqns. 5 and 6 we obtain

J ’S.7 I
ﬂzés_,L.ﬁ____S.kl_sz )
Joz Cg,z UG I

which shows how the ratio of concentrations of both ions in the secondary electrolyte,
¢s,z/¢c.z, depends on the ratio of the electric currents passing through both electrodes,
[S/IG-

The velocity of generation of the secondary electrolyte in the separation column
is an important parameter describing the velocity of displacement of the zone formed.
For the calculation of this quantity, W (expressed in m* C ™!}, the moving boundary
equation* may be used, e.g., for substance S (ion constituent S) in the form

W, = <—cs‘Aus - cslus)/(és.A — Cs.z) ®)

Ka Kz

where A and Z indicate the primary and secondary zones, respectively, and ¢s is the
total concentration of constituent S including, e.g., for H* also the protonated base
BH* and/or the neutral acid HA. In the case when the constituent S involves also such
acharged form, e.g., BH", an additional term must appear in the numerator in eqn. 8,
ciu;/ with the corresponding subscript and sign depending on whether it is present in
zone A and/or Z. In analogy, the corresponding balance for the counter constituent
may be written:

We = <—~CR;Z”“ - —C“”‘”“) / (Ces — Tr.2) ©)

Kz Ka

The unknown value of ¢s ; may be obtained as follows. By combination of eqns.
5-9 with the electroneutrality condition and with the equation describing the present
chemical (acid-base) equilibria, we may iterate for ¢s, as the parameter until:

Wz = W (10)

Then the value of ¢5z represents the solution of the system of equations and the
corresponding W7 is the true migration velocity. From these parameters, a complete
description of the secondary zone Z may be obtained. For experimental purposes we
may define the relative velocity as

W, Waka
—_— = 11
W Ug (1)

Ve =

where W is the reference frame selected so that it corresponds to the migration of
a boundary between the primary and secondary zone where the secondary zone
contains only G and no S. The value of v, may easily be obtained by experiment from
the time of passing of the boundary between the primary and secondary zones through
the column (through the detector). From two experiments (one without S in zone Z),
two passage times are obtained, their ratio being equal to v,.
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Usually it is convenient to select such experimental conditions that the boundary
between the primary and secondary electrolytes (zones) is sharp. This is true as long as
the modifying constituent has a lower effective mobility than that of the constituent in
the primary zone (for a detailed treatment see ref. 5).

EXPERIMENTAL

The apparatus for the described method of regulation of the ionic matrix by
either a modifying coion or a modifying counter ion must have at least three electrode
chambers. An apparatus allowing simultaneous regulation of coions and counter ions
must have four electrode chambers. Such four electrode equipment is suitable even in
cases when the electrolyte generation is performed by the three-pole method since it
facilitates the operation and manipulation of electrolytes.

Apparatus

The instrumentation for performing experiments with the three-pole arrange-
ment is shown in Fig. 4. The apparatus consists of an electrolyte unit, a high-voltage
power supply® and a device for controlling the electric current ratio.

The electrolyte unit consists of a PTFE separation capillary both ends of which
are equipped with a potential-gradient detection cell. Both cells are connected to
electrode blocks (Perspex), each equipped with a sampling device, input and output of
electrolytes and two electrode chambers equipped with platinum electrodes and
separated from the capillary by semipermeable membranes. The two electrode blocks
are identical; however, they differ in the manner of connection to the power supply.
The two electrode chambers of one block (M, see Fig. 4) are connected to the power
supply and the ratio of the two input currents is controlled; one of these two electrode
chambers contains the modifying electrolyte. From the second electrode block (S),

F;/—Hv o i
0

M

B LOCK S

B L 0K

DRAIm INJ

SW I TCeH I Ng
>
MO D LFY NG

T

Fig. 4. Apparatus for the experiments with a three-pole column: INJ = injection port; DET = potential
gradient detector; HV = high-voltage power supply; for explanation, see text.
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only one electrode chamber is connected to the power supply and we may switch over
from one chamber to the other.

Chemicals
All chemicals used were of analytical reagent grade (Lachema, Brno,
Czechoslovakia).

Measurement of pH and v,

For the verification of the theory, a simple apparatus was made equipped with
a horizontal glass capillary (260 x 1.5 mm 1.D.), three electrode chambers, sampling
device and measuring scale. This apparatus was used for the determination of the two
times necessary for the calculation of v, (see Theoretical). The movement of the
boundary was visualized by the sampling of a small amount of a suitable coloured
indicator, e.g., ferroin for cationic analyses. After the measurement of the migration
velocity, the zone of the secondary electrolyte (volume approx. 150 ul) was purged
from the capillary by a stream of air; its pH was measured by a capillary microelectrode
(Radelkis, Budapest, Hungary).

Generation of ionic flows creating ionic matrices in a three-pole column .

With a modifying counter ion. For zone electrophoresis the separation column
and chambers M1 and SI (see Fig. 4) were filled with the primary electrolyte, and
chamber M2 was filled with the modifying electrolyte (differing from the primary one
by containing another counter ion). After switching on the electric current, the zone of
the secondary background electrolyte was formed in the separation column. After this
zone had reached the detector in block S, the electric current was switched off, the
sample introduced via the septum in block S and the analysis was performed.

For isotachophoresis the separation column and chambers M1 and S1 were
filled with the primary electrolyte, chamber M2 was filled with the modifying
electrolyte and chamber S2 with the terminating electrolyte. After switching on the
electric current (so that it passes through chamber S1), the zone of the secondary
(leading) electrolyte was formed in the separation column. After this zone had reached
the detector in block S, the electric current was switched off, the sample introduced via
the septum in block S and the electric current was again switched on (but now so that it
passes through chamber S2) and the analysis was performed.

With a modifying coion. For zone electrophoresis the separation column and
chambers M1 and S1 were filled with the primary electrolyte, chamber M2 with the
modifying electrolyte, the sample was introduced via the septum in block M and the
electric current was switched on for analysis.

For isotachophoresis the separation column and chamber S1 were filled with the
primary electrolyte, chamber M1 with the modifying electrolyte, chamber M2 with the
terminating electrolyte, the sample was introduced via the septum in block M and the
electric current was switched on for analysis.

Note that the arrangement with the modifying coion is very advantageous since
the analysis is performed simultaneously with the modification and there is no need to
wait for the modification of the content of the whole separation column. The
modifying constituent, however, must obviously have an higher effective mobility than
those of the sample components the separation of which is to be controlled by the
performed modification.
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RESULTS AND DISCUSSION

For the verification of the theory and of the accuracy of setting of the pH, we
compared the measured and calculated relative migration velocities, v,, and the pH
values in a buffered and a non-buffered electrolyte system.

In the case of the non-buffered system, 0.01 M HCI served as the primary
electrolyte and 0.01 M tetrabutylammonium hydroxide (TBAOH) as the modifying
electrolyte (modifying ion TBA*). Table T shows the values of v, and pH for various
ratios Iy/ltga. The average relative difference between the measured and calculated
values of v, is 3.1% and that between the measured and calculated pH values is 0.03
units.

In the case of the buffered system, 0.01 M ammonium formate served as the
primary electrolyte and 0.01 M formic acid as the modifying electrolyte (modifying ion
H™). The results for this system are given in Table IT; here the average relative
difference between the measured and calculated values of v, is 1.4% and that between
the measured and calculated pH values is 0.01 units.

From both Tables I and II it is seen that the experimental values are in good
agreement with the theoretical ones and that the accuracy of the setting of pH is
comparable with the accuracy of a common pH measurement.

For the change of pH in a real electrophoretic system, an example is the
preparation of an extended buffer-free system’ with a solution of HC] and KCl as the
secondary electrolyte. For this, the separation column and the electrode chambers M 1
and S1 were filled with 0.01 M HCl and the chamber M2 was filled with 0.01 M KCI. At
Ly/Ix = 1, the secondary zone formed has the following composition: ¢¢; = 0.0067 M,
cufex = 0.35, pH 2.76. The calculated dependences of the pH, c¢ and v, of the
secondary zone on Iy/I for this system are shown in Fig. 5. By varying the ratio 1;;/I¢
within the range 0—1 we may thus control the pH of the resulting secondary electrolyte
within the range 7-2.7. In this way it is easy to prepare zones which would be otherwise

TABLE I

COMPARISON OF EXPERIMENTAL AND CALCULATED VALUES OF pH AND v, FOR THE
NON-BUFFERED SYSTEM HCI-TBA

Exptl. = experimental value; S.D. = standard deviation; diff. = difference between calculated and
experimental values; calc. = calculated values; R.S.D. = relative standard deviation; r.d. = relative
difference between calculated and experimental values; the relative values (R.S.D. and r.d.) are given in %.

Tu/lrpa pHy v,

Exptl. S.D. Calc. Diff. Exptl. RS.D.  Cal. r.d.
0.000 6.19 0.245 — - 1.000 1.92 1.000 -
0.111 4.28 0.079 422 0.06 0.925 2.31 0.906 2.1
0.250 3.85 0.022 3.87 0.02 0.835 1.39 0.811 3.0
0.493 3.56 0.013 3.58 0.02 0.710 1.33 0.688 32
0.695 3.41 0.013 3.44 0.03 0.628 0.73 0.612 2.6
1.000 3.28 0.010 3.29 0.01 0.550 1.11 0.527 44

average difference 0.03 average difference 3.10%
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TABLE 11

COMPARISON OF EXPERIMENTAL AND CALCULATED VALUES OF pH AND v, FOR THE
BUFFERED SYSTEM HCOONH,-HCOOH

For abbreviations, see Table I.

INH4/IH pH, Ve

Exptl. S.D. Cale. Diff. Exptl. R.S.D. Calc. r.d.
0.000 2.82 0.006 2.81 0.01 1.000 0.70 1.000 —
0.111 2.87 0.003 2.88 0.01 0.944 0.63 0.951 0.7
0.250 295 0.007 2.96 0.01 0.877 0.55 0.889 1.3
0.666 3.07 0.006 3.09 0.02 0.719 0.68 0.729 1.4
1.000 3.15 0.001 3.17 0.02 0.631 0.86 0.644 2.0
average difference 0.014 average difference 1.4%

difficult to obtain by classical means. As follows from the results, the time necessary
for the formation of the secondary zone is approximately equal to the analysis time
(when preparing the secondary electrolyte, we may use a higher electric current than
for the analysis).

Analogously, we may prepare secondary electrolytes with a buffering modifier.
The preparation time, however, increases to 2-4 times that of the analysis time,
depending on the required pH. In this case the amount of the modifying ion in the
secondary electrolyte depends also on the pH of the modifying electrolyte and it is
convenient to select its pH so that it equals the pK, of the buffering ion. An example of
such a system is represented by 0.0} M HCI as the primary electrolyte and 0.01
M B-alanine + HCI (pH 3.6) as the modifying electrolyte. The calculated dependences

pH Vi <
6 4

0.81 I 8mM
5 1 S~ l064 16
4 o414

0 025 05 075 1 /l2

Fig. 5. Calculated dependences of pH, chloride concentration, ¢, and v, of the secondary zone on the
electric current ratio, fu/lx = I;/I,. The primary electrolyte was 0.01 M HC! and the modifying electrolyte
was 0.0l M KCl.
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0 1 2 31/,

Fig. 6. Calculated dependences of pH, c¢¢; and v, of the secondary zone on the electric current ratio, /,//,. The
primary electrolyte was 0.01 M HCl and the modifying electrolyte was 0.01 M B-alanine + HCI (pH 3.6).

of pH, ¢¢; and v, on I,/I, are shown in Fig. 6. It is seen that, by changing the electric
current ratio, the whole buffering range of S-alanine can be covered.

The possibility to use the method described for an easy change of the ionic matrix
in ITP is illustrated by the following example of anionic separation of citrate, lactate
and succinate. The primary electrolyte was 0.01 M HCI, the modifying electrolyte was
0.01 M KClI (modifying ion K*) and the terminator was 0.01 M caproic acid. At the
ratio I1/I, = 0 (the secondary electrolyte contains only K *), the migration order of the
three acids is citrate, succinate, lactate (see Fig. 7a). A current ratio, I; /12 = 0.5 results
in the order citrate, lactate, succinate (Fig. 7b).

a

I__
n
o

[

160 120 140 160 mC 140 160 180 mC

Fig. 7. Potential gradient records of the analysis of citrate (Cit), succinate (Succ) and lactate (Lac) in the
system with 0.01 M HCI (primary electrolyte), 0.01 M KCI (modifying electrolyte), Cl~ (leading ion), 0.01
M caproic acid (Cap, terminator) for /,/I, = 0 (a) or 0.5 (b). (a) / = 150 pA (modification and separation),
100 puA (detection); (b) / = 150 pA (modification and separation), 60 uA (detection). Sample amounts
(nmol): (a) 3.75, Cit; 7.5, Succ and 18.8, Lac; (b) 7.15, Cit; 14.3, Lac and 28.6, Succ; Imp = impurity.
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Another example shows the cationic ITP separation of methylamine and
tetrabutylammonium (TBA), where 0.01 M Ca(OH), served as the primary electrolyte
and 0.01 M KCl was the modifier. At the ratio Tou/Ic; = 0.05, methylamine migrates in
front of TBA (TBA is the terminator), see Fig. 8a. At Ion/Icy = 1.7 methylamine
migrates behind TBA (Fig. 8b) and NH serves as the terminator; at I; = 0, the
effective mobility of methylamine was further changed (Fig. 8c).

The use of a modifying coion is illustrated by the cationic isotachophoretic
analysis of a mixture of K*, Na*, tetrapropylammonium (TPA) and aniline. The
primary electrolyte was 0.01 M HCI, as was the modifying electrolyte (modifying coion
H™) and the terminating electrolyte was 0.01 M TBACI. At I, = 0(Iy = 0), aniline did

a TBA b
—
NH4
A
h h X
Mea
TBA
Imp
Ca Mea
Fer
| {
A Ca oo
[ lg
250 300 350 400 mC 450 500 550 mC
C
NH,
H
h H
Mea
TBA
loy _
Ca T
4]

550 600 650 700 mC

Fig. 8. Potential gradient records of the analysis of methylamine (Mea) and tetrabutylammonium (TBA) in
the system with 0.01 M Ca(OH), (primary electrolyte), 0.01 M KCl (modifying electrolyte), Ca®* (leading
ton), 0.0f M TBAOH (a) or 0.01 M NH,OH (b, ¢) (terminator), for (@) lon/le = 0.05, (b) Ion/I = 1.7 and
(¢} I = 0; I = 140 pA (modification and separation), 70 A (detection). Sample amounts: (nmol) (a) 50,
MeaCl; (b) 26, MeaCl and 13, TBACI; (c) 67, MeaCl and 33, TBACI; Imp = impurity, Fer = ferroin.
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TBA
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Fig. 9. Potential gradient records of the analysis of KCl, NaCl, tetrapropylammonium (TPA) icdide and
aniline (Ani) (each 2.5 nmol) in the system with 0.01 M HCl (primary electrolyte and modifying electrolyte),
H* (leading ion), 0.01 M TBACI (terminator) for (a) /, = Iy = 0, (b) Jtga/ly = 6and (c) Iiga/ly = 4.14.(a)
I = 315 pA (separation), 105 pA (detection); (b) I = 200 pA (separation), 100 pA (detection); (¢} 1 = 270 pA
(separation), 50 pA (detection); Imp = impurity.

not migrate (see Fig. 9a); at the ratios Itpa/ly = 6 and 4.14, aniline migrated and
changed its effective mobility (Fig. 9b and c).

CONCLUSIONS

The composition of the ionic matrices in isotachophoresis and zone electro-
phoresis can be changed directly in the separation capillary by electromigration with
two different ions of the same charge from two separate electrode chambers. The flows
of these ions from the electrode chambers can be regulated electrically by the
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magnitude of the input current to each electrode, and thus the ionic matrix can
effectively be changed.

The composition of the ionic matrix and the time necessary for its change can be
calculated from the ratio of the input currents on the basis of moving boundary
equations, which was verified experimentally. The calculated and experimental values
of pH and v, for a non-buffered system (primary electrolyte HCI, modifying electrolyte
TBACI) and a buffered system (primary electrolyte HCOONH,, modifying electrolyte
HCOOH) were compared. The values of pH agreed very well and did not differ on
average by more than 0.03 units for the non-buffered and 0.013 units for the buffered
system. The values of v, for the non-buffered and buffered systems differed by about
3 and 1.4%, respectively.

The procedure described enables one to make very fine changes in the
composition of the ionic matrix directly in the separation column in an easy and
reproducible way, which is useful especially for experimental determination of suitable
separation conditions in electrophoretic techniques.
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ISOTACHOPHORESIS IN MIXED SOLVENTS CONSISTING OF WATER,
METHANOL AND DIMETHYL SULPHOXIDE

III. INFLUENCE OF THE SOLVENT COMPOSITION ON THE DISSOCIA-
TION CONSTANTS AND MOBILITIES OF NON- AND HYDROXY-
SUBSTITUTED ALIPHATIC CARBOXYLIC ACIDS

ERNST KENNDLER*, CHRISTINE SCHWER and PATRICIA JENNER
Institute for Analytical Chemistry, University of Vienna, Wiihringerstrasse 38, A 1090 Vienna ( Austria)

SUMMARY

The electrophoretic properties of uncharged acids of the type HA were
investigated in operational systems consisting of mixed aqueous—organic solvents. The
mixed solvents applied consisted of water, methanol and dimethyl sulphoxide in which
the molar fraction of water was held constant at 0.3 and those of the organic
co-solvents were varied. The analytes were C,~Cs non- and monohydroxy-substituted
n-alkanoic acids.

The changes in the pK values were found to be linearly correlated with the molar
fraction of dimethyl sulphoxide within the mixing range considered. The changesin the
pK values can be qualitatively described by the transfer activity coefficients, which are
related to the solvation abilities of the solvents involved.

The mobilities and the corresponding normalized values, where the different
viscosities of the particular solvents are taken into account, were determined in
operational systems with apparent pH values of 8.7. No changes in the selectivities
occurred within the two groups of acids. The normalized mobilities of the non-
substituted acids, on the other hand, increased with increasing concentration of
dimethyl sulphoxide to a smaller extent than those of the hydroxy-substituted acids.
The grouping of these two classes is demonstrated by cluster analysis.

INTRODUCTION

The electrophoretic mobility of an analyte can be influenced by a variety of
factors. Properties of the bulk solvent such as viscosity on the one hand affect the
mobilities of all analytes in the same way, and therefore do not change the selectivity of
the electrophoretic system. On the other hand, solute—solute and solute—solvent
interactions can lead to pronounced specific changes in the electrophoretic properties.
These interactions either determine the size of the ion, and therefore the absolute
mobility m{ (at infinite dilution), or the actual mobility m; (of the totally dissociated or
protonated molecule at finite concentration), or they determine the acid—base

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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properties of the analytes. This can lead to different changes in the pK values due to
different solvation of the particles considered and can be used to adjust the effective
mobility, m" = am;, via the degree of dissociation, .

One possibility of increasing the range of solute-solvent interactions lies in the
application of non-aqueous or mixed solvents for the electrolyte systems. In previous
studies’? we investigated the effects of two different mixed aqueous—organic solvents,
the first consisting of water (with a molar fraction x = 0.3) and methanol (x = 0.7) and
the second of water (x = 0.3), methanol (x = 0.4) and dimethyl sulphoxide (DMSO)
(x = 0.3). In these systems, the electrophoretic properties of aromatic uncharged (or
molecular) acids of type HA, and of aliphatic positively charged acids, HB* (of the
ammonium ion type), were investigated. In some cases strong changes in the migration
sequence of the cations were found, which were attributed to changes in the size of the
ions. The increased applicability to the separation of substituted benzenecarboxylic
acids due to selective changes in their apparent pK values (pK' values) was
demonstrated.

In this study, the changes in the properties of uncharged acids by variation of the
composition of the mixed solvents within the mixing range mentioned above were
investigated in greater detail. As solutes, homologues series of aliphatic carboxylic
acids were selected. One series consisted of non-substituted acids and the other
of monohydroxy-substituted acids, where interaction of the hydroxy group with polar
solvents via hydrogen bonding is possible.

Four solvent mixtures were applied, in which the molar fraction of water was
kept constant (x = 0.30) and those fractions of methanol and DMSO were varied
(Table I). In contrast to previous work?, here the mobilities of the analytes were
determined at such high apparent pH (pH") values that the properties of these analytes
can be considered to be influenced to only a minor extent by the degree of dissociation.

EXPERIMENTAL

Chemicals and solvents

Unless stated otherwise, the chemicals and solvents used for the electrolyte
systems were of analytical-reagent grade, obtained from E. Merck (Darmstadt,
F.R.G.), Fluka (Buchs, Switzerland) or Serva (Heidelberg, F.R.G.). The non-
substituted, the 2-hydroxy-substituted #-alkanoic acids and 3-hydroxybutyric acid
(3C4) were purchased from E. Merck, Serva or Fluka, either as free acids or as their

TABLE 1

COMPOSITION OF MIXTURES OF WATER, METHANOL AND DMSO USED AS SOLVENTS
FOR THE ELECTROLYTE SYSTEMS

Solvent  Molar fraction (x)

code
Water Methanol DMSO
1 0.300 0.700 0.000
2 0.300 0.600 0.100
3 0.300 0.500 0.200
4 0.300 0.400 0.300
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salts. 3-Hydroxypropionic acid (3C3), 4-hydroxybutyric acid (4C4) and 5-hydroxy-
valeric acid (5C5) were synthesized from the corresponding lactones (Fluka, Serva).
3-Hydroxyvaleric acid (3C5) was synthesized from 2-pentenoic acid by addition of
HBr and subsequent hydrolysis of the 3-bromovaleric acid to the hydroxy derivative.

Buffer substances were recrystallized three times before use. Water, methanol
and DMSO were distilled twice before use.

Apparatus

The apparent pK values were determined by potentiometric titration of the free
acids or their salts, using an all-aqueous combined glass—calomel electrode as
described previously'. The initial analyte concentration was 0.01 mol/1.

The measurements of the relative step heights were carried out using an
isotachophoresis instrument with a capillary (25 cm x 0.3 mm L.D.) made from
polytetrafluoroethene and equipped with an electrical conductivity detector. The
constant driving current was 40 pA. This instrument was also used for the
determination of the mobilities of the leading and the reference ions in the mixed
aqueous—organic solvents, applying a modified moving boundary method as
described!+2.

The viscosity coefficients were determined with an Ubbelohde viscosimeter and
a pyknometer, thermostated to within 0.1°C.

The dielectric constants were determined with a Type DK 03 instrument (WTW,
Weilheim, F.R.G.), thermostated to within 0.1°C.

Cluster analysis was carried out by a computer program® using the Euclidian
distances of the points representing the compounds in a multi-dimensional pattern
space, as discussed previously?. These distances were calculated from the scaled values
of the differences in the normatized mobilities, given by the product of the mobility and
the viscosity coefficient,

RESULTS AND DISCUSSION

PK values in mixed solvents

The apparent pK values of non- and hydroxy-substituted carboxylic acids are
given in Table II, together with thermodynamic pK values in pure water, taken from
the literature*. The problems of the experimentally determined apparent pK values,
which include effects arising from liquid junction potentials, were discussed pre-
viously!-2.

It can be seen from Table IT that, in accordance with some literature data®, the
PK values increase by about 1.5-2 pK units when methanol is added to aqueous
solutions at a molar fraction of 0.7. In this special case, the increase in pK is roughly
linearly dependent on the methanol content, at least in the concentration range up to
a molar fraction of 0.7. At higher concentrations, the corresponding curve becomes
steeper and reaches values that are approximately 5 pK units higher in pure methanol
than in water”.

The increase in the pK (or pK’ values) in system 1 given in Table II is in
accordance with the fact that methanol and water—methanol mixtures have lower
dielectric constants than water, as shown in Table III. This leads to positive values for
the electrostatic part of the “medium effect”, log .I'ya, and the corresponding
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TABLE 11

APPARENT pK VALUES (pK) OF NON- AND HYDROXY-SUBSTITUTED ALIPHATIC
CARBOXYLIC ACIDS IN MIXTURES OF WATER, METHANOL AND DMSO

The solvent codes correspond to Table I. The numbser after the C in the acid codes indicates the number of
carbon atoms of the acid molecule and the number before the C indicates the position of the hydroxy group
(e.g., 2C4 = 2-hydroxybutyric acid; C2 = acetic acid). Temperature, 25°C.

Acid pK in pK' in solvent system

water®

(20°c) 1 2 3 4
Cl 3.75 5.25 5.75 6.12 6.70
C2 4.76 6.62 7.09 7.62 8.20
C3 4.87 6.78 7.26 7.84 8.44
4 481 6.84 7.27 7.86 8.43
Cy 4.79 6.79 7.26 7.85 8.42
2C2 3.82 5.55 6.02 6.41 7.05
2C3 3.86 5.73 6.33 6.60 7.09
2C4 - 5.55 5.79 6.40 6.92
2C5 - 5.45 5.87 6.45 6.71
4CS 4.69" 6.56 6.99 7.42 8.19
5C5 — 6.81 7.07 7.52 8.27

“ From refs. 4 and 5.
b Value at 18°C.

standard free energy of transfer, AG; ua, of the dissociation reaction of uncharged
acids, HA, as given by Born’s treatment:

Nt (1 1\[(1 1
ApK = pK — poK = = —= === 1
PR = PR = PR = SRT(n 10) <rH+ * rA_> <es sw> M

where the subscripts w and s indicate water and organic or mixed solvent, respectively,
e, =clementary charge, N, = Loschmidt’s number, T = absolute temperature,
R = gas constant, r = crystallographic radius of the ion and ¢ = dielectric constant.
wlia = (wPne * mYa-)/mYua is related to the transfer activity coefficients, ,,7y;, of the
single species, i5713.

TABLE 111
DIELECTRIC CONSTANTS OF THE MIXED SOLVENTS AT DIFFERENT TEMPERATURES

The solvent codes correspond to Table I.

Temperature Dielectric constants of mixed solvents
°C)

1" 2 3 4
20 43.78 47.80 51.40 54.29
25 42.52 46.74 50.48 53.04
30 40.99 45.15 48.96 51.57

4 From ref. 1.
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The restriction to pure electrostatic work, according to Born’s treatment,
neglects the effects on the pK values originating from the different basicities and from
the different solvation abilities of the solvents. Therefore, this simple approach does
not explain the variation of the pK values in most instances. However, for some
water—alcohol mixtures, this rough approach leads to results that are at least
qualitatively in accordance with the obsérved effects. In fact, the transfer of
auncharged acid and its dissociation products from water (with a dielectric constant of
78.30 at 25°C) to, e.g., system 1 would lead to a calculated increase in the pX value of
1.1 units when values of 2 and 3 A are assumed for the crystallographic radii of the
proton (or the H3;0™ ion) and the anion, respectively. The observed values are of about
the same magnitude as the predicted values, which can be seen from Table II.

If methanol is replaced with DMSO, as is carried out in the sequence of the
solvents 1-2-3-4, an aprotic dipolar solvent is introduced which (a) has a higher
dielectric constant than methanol, (b) is a stronger base than both water and methanol
and (c) has the lowest ability to solvate anions of all solvent constituents under
consideration.

The resulting change in the pK’ values with solvent composition is shown in Fig.
1, where the differences in the means of the pK’ values, ApK’, of the carboxylic acids in
the particular solvent systems, relative to system 1, are plotted against the concentra-
tion of DMSO and methanol. There is a linear increase in ApK’ with increasing molar
fraction of DMSO (the linear correlation coefficient, r, is 0.999). This is in clear
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Fig. 1. Variation of the apparent pK values with the composition of the mixed solvents. ApK' = differences
in the means of the apparent pK values of the acids given in Table 11, relative to the values in the binary mixed
aqueous—methanolic solvent I. The molar fraction of water was held constant at 0.3. ¥, Experimental
values (standard deviations indicated); @, values caloulated from eqn. 1, assuming different crystallographic
radii of the ions. MeOH = Methanol.
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contrast to the results of the calculation according to eqn. 1, which would give negative
values for ApK’ with increasing DMSO concentration, as indicated in Fig. 1 by the
broken lines. The curves shown there were calculated from eqn. 1 using the values of
the dielectric constants at 25°C given in Table I11. They were obtained for different
crystallographic radii for the ions: upper curve, ry. = 3 A, ra. = 3 A; middle curve,
rue = 2 A, ra_ = 3 A: lower curve, for both ions r = 2 A.

Replacing the crystallographic radii in eqn. 1 by the Stokes’ radii as proposed in
the literature (¢f. e.g. ref. 10) is also unable to explain the effects actually observed; only
if negative values for the Stokes’ radii are applied in eqn. 1, which is of no physical
meaning, would the calculated values be in accordance with the experimental data.

It should be mentioned that the observed result also conflicts with an
explanation based solely on the acid-base properties of DMSO. This solvent, being
a stronger base than methanol, should also decrease the pK values with increasing
concentration.

The effects found experimentally seem to result from the very low ability of
DMSO to solvate anions, which leads to highly positive values for the medium effect
on the anion. This effect overcompensates the contributions of the electrostatic work
to the change in the standard free energy of transfer, and also the contribution of the
medium effect on the proton, log ,yu+.

The resulting effects of the composition of the mixed solvents on the pK’ values
of the uncharged acids can be summarized as follows: for the analytes under
consideration, the partial replacement of water as a solvent with methanol up to
amolar fraction of 0.7 leads to an almost linear increase in the pK values of about 1.5-2
units, compared with pure aqueous solutions; and the replacement of methanol by
DMSO in ternary mixtures of water, methanol and DMSO leads to a further linear
increase in the pK' values of about 0.5 unit per 10 mol% DMSO.

Migration properties of the anions of non- and hydroxy-substituted carboxylic acids in
mixed solvents

Obviously the migration properties of the analytes are highly dependent on their
acid-base properties, as the degree of dissociation in a given electrolyte system, which
determines the effective mobilities, is related to the pK values. Therefore, in this work
the conditions were chosen such as to suppress the effects originating from different
degrees of dissociation by applying electrolyte systems with sufficiently high pH (or
pH’) values. The migration properties in the solvent systems at pH' 8.7 [with
tristhydroxymethyl)aminomethane as buffering counter ion] were, in a first step,
determined with the aid of the step heights of the isotachophoretic analyte zones,
measured with an electrical conductivity detector. They were determined at an ambient
temperature of 28°C, for which the problem of the actual temperature of the analyte
zones has already been mentioned®. This temperature can be assumed to be slightly
higher than ambient. At pH' values of the leading electrolytes of 8.7, and at the higher
pH’ values within the analyte zones, the acids are dissociated to more than 95%, at
least in the electrolyte systems consisting of solvents 1, 2 and 3. In the electrolyte with
solvent 4, formic acid and the 2-hydroxy-substituted acids are dissociated to more than
99% and the other acids to a smaller extent.

The relative step heights are given in Table IV. From these values, the mobilities
in the respective buffered solvent systems can be calculated. For this calculation the
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TABLE IV

RELATIVE STEP HEIGHTS OF NON- AND HYDROXY-SUBSTITUTED CARBOXYLIC ACIDS
AT APPARENT pH VALUES OF 8.7 IN ELECTROLYTE SYSTEMS WITH MIXED SOLVENTS
CONSISTING OF WATER, METHANOL AND DMSO

The step heights are related to trichloroacetate as the reference ion. The leading ion was chloride (¢ = 0.01
mol/l). The acid and solvent codes correspond to Tables T and I, respectively.

Acid Relative step height ( x 100) in solvent
I 2 3 4
Cl 53.7 46.2 36.8 473
C2 120 121 156 192
C3 143 142 199 258
C4 159 161 224 287
CS 170 178 260 326
2C2 104 100 95.5 92.1
2C3 128 124 129 127
2C4 147 145 159 159
2C5 162 159 190 190
3C3 162 167 210 221
3C4 170 178 220 237
3C5 189 196 245 255
4C5 218 239 316 376
5CS 237 256 346 393

values of the mobilities of the leading and a reference ion are required, as discussed in
a previous paper?. However, no data for the mobilities of chloride (used as the leading
ion) and trichloroacetate (used as the reference ion) in the mixed solvents were found in
the literature. Therefore, these data were measured by a moving boundary method
described previously?, using an electrical conductivity detector to determine the
position of the moving boundary. The results are presented in Table V. With these
mobility data and with the values of the relative step heights, the mobilities of the
analytes were calculated (Table VI). It can be seen that they range between
approximately 18 and 32 units, and are therefore much lower than the comparable
data in water, where they range between approximately 30 and 57 units. The highest
values for the aqueous-organic solvents are observed in the electrolyte system with

TABLE V

MOBILITIES OF LEADING AND REFERENCE IONS IN THE ELECTROLYTE SYSTEMS
CONTAINING MIXED SOLVENTS

Temperature, 30°C. The solvent codes correspond to Table I. ¢ = 0.01 mol/l.

Ion Mobility (10735 em® V=' s71) in solvent
1 2 3 4
Chloride 38.1 324 27.4 26.3

Trichloroacetate 28.2 25.1 23.7 24.1
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TABLE VI

MOBILITIES OF NON- AND HYDROXY-SUBSTITUTED CARBOXYLIC ACIDS IN ELECTRO-
LYTE SYSTEMS CONSISTING OF SOLVENT MIXTURES OF WATER, METHANOL AND DMSO
AT AN APPARENT pH VALUE OF 8.7

The mobilities were derived from the relative step heights given in Table 1V. The acid and solvent codes
correspond to Tables I and 11, respectively. Temperature, 30°C.

Acid Mobility (107° em? V™' s71) in solvent
1 2 3 4
Cl 31.8 28.6 259 25.2
C2 26.6 24.0 22.0 22.4
C3 25.0 22.9 20.9 21.3
C4 24.2 22.1 20.3 20.8
Cs 23.4 213 19.5 20.3
2C2 27.9 25.1 23.8 243
2C3 26.1 23.8 22.8 23.6
2C4 24.9 22.8 22.0 23.0
2C5 24.1 22.2 21.1 22.4
3C3 24.1 21.8 20.6 21.9
3C4 23.3 21.4 20.4 21.6
3C5 22.7 20.6 19.6 21.3
4CS5 - 21.2 19.1 18.4 19.6
5Cs 20.5 18.6 17.8 i9.4

solvent I; in the electrolyte systems consisting of solvents 2, 3 and 4, the mobilities of
a particular analyte differ by only 10%.

One can compare the effects of the electrolyte systems on the migration
properties of the analytes better when the different viscosities of the bulk liquids are
compensated, according to Stokes’ law. The viscosity coefficients, #, of the mixed
solvents at different temperatures are given in Fig. 2. A linear increase in the viscosity
coefficients with increasing molar fraction of DMSO (and decreasing molar fraction of
methanol) is found. The linear correlation coefficient, r, is > 0.999 for all three curves.

The values at 30°C were used to calculate the products m#, which are plotted in
Fig. 3 against the solvent composition. There is a non-linear but continuous increase of
m;n with increasing concentration of DMSO for all analytes. Both the non-substituted
carboxylic acids (Fig. 3a) and the hydroxy-substituted acids (Fig. 3b) show roughly
parallel curves, which means that the selectivity of the systems has not changed within
either class of analyte. This result is in accordance with predictions which can be made
based on the solvation properties of the solvents involved, especially of DMSO. The
behaviour of the uncharged acids differs from that of positively charged acids of the
ammonium type?, where changes in the migration sequence were observed for small
ions with relatively high charge densities.

For the particular anions, the changes of in m; from system 1 to system 4 are in
the range of about 50% for the hydroxy derivatives and about 25-30% for the
non-substituted acids. This means that much larger effects are found for the carboxylic
acids compared with cations with low charge densities such as tetrapropylammonium
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Fig. 2. Viscosity coefficients, #, of the mixed solvents at different temperatures.

\

= &
= ANE

25

R
\
Q N\
&{&\E\\

25

20 20

0.7 0.6 0.5 0.4 Xyeon 07 0.6 0.5 0.4 Xyeon
0.0 0.1 0.2 0.3 Xouso 0.0 0.1 0.2 0.3

iBMSQ
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1, of the mixed solvents versus the composition of the operational system. (a) Non-substituted carboxylic
acids; (b) hydroxy-substituted carboxylic acids. The codes for the acids correspond to Table II.



66 E. KENNDLER, C. SCHWER, P. JENNER

or tetrabutylammonium ions?, for which we can assume that they are not solvated, and
where only small changes (< 10%) were found for the particular cation.

It can be concluded from the parallel shape of the curves for 4C5 and 5C5, which
have relatively high pK’ values compared with those of the 2-hydroxycarboxylic acids
(with lower pK’ values), as shown in Fig. 3a and b, that the effect of the degree of
dissociation has only a minor effect on the mobilities under the conditions given. This
means that the mobilities calculated were in fact the actual mobilities of the solutes.
This assumption is confirmed when the curves for the higher non-substituted acids in
Fig. 3a are compared with that of formic acid, which also has lower pK’ values but
shows the same trend.

Although for both classes of compounds the sequence of the mobilities does not
change within a given class, changes can be observed when compounds from different
classes are compared. It can be seen from Fig. 3 that the curves for the hydroxy-
substituted acids show a steeper increase with increasing molar fraction of DMSO than
the corresponding curves for the non-substituted acids. This steeper increase leads,
e.g., to the effect that C3, C4 and C5, which have about the same mobilities as 2C4, 2C5

N OO T WO - T O
O OO0OQ OO0 VOO
10 N oD OANNN
A
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Fig. 4. Dendrogram resulting from the hierarchical clustering procedure for characterizing the electro-
phoretic properties of the solutes. The differences in the products m in operational systems 2, 3 and 4,
relative to the values in system 1, were used as features. 4 = relative Euclidian distance. The codes for the
acids correspond to Table I1.
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and 3C4 in system 1, and have higher mobilities than 3C5 and 4CS5 in this particular
system, show mobilities between 3C5 and 4CS in system 4.

In general, similarities of species such as ions in different solvents (or electrolyte
systems with different pH or solvent composition), can be characterized and evaluated
by chemometric methods such as cluster analysis, as shown in previous papers!-2-14.
The same method can be used to show the different migration properties of the
compounds investigated in this study. For this procedure, the differences in the
normalized mobilities, m, in the particular electrolyte systems relative to system
1 were used as features. The Euclidian distances were used as a measure of
resemblance. The dendrograms were constructed by an average linkage method.

The results of the clustering procedure are shown in Fig. 4. One can see the
differentiation of the analytes into two main subclusters, which is clearly in accordance
with the discussion given above; two groups of compounds are differentiated, based on
their different migration properties. These groups formed are not dependent on the
chain lengths or the pK’ values, but are characterized only by their chemical structure;
one group is formed by the non-substituted acids and the other group consistsof all the
hydroxy-substituted acids.

The electrophoretic behaviour of the hydroxy derivatives of the carboxylic acids
is found to be similar to that of some of these compounds in the presence of methanol,
where they also show higher mobilities, when compared with the corresponding
non-substituted compounds; e.g., 2C3 and C3 have the same mobilities in water, but
2C3 has a higher mobility than C3 in 99.5% methanol'5.

These changes cannot be related to a single or predominant effect such as ion
solvation by DMSO, as was shown for cations®, and seem to have more complex
sources. Considering the behaviour of the anions investigated, not only are structural
changes in the mixed solvents of importance compared with the pure solvents, but also
various competing solvation and desolvation reactions seem to play an important role.
This leads finally to effects that cannot be explained by a simple model.
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MEASUREMENT OF LIMITING MOBILITIES BY CAPILLARY ISOTACHO-
PHORESIS WITH A CONSTANT TEMPERATURE AT THE SITE OF
DETECTION
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2 (Czechoslovakia)

SUMMARY

A method is described for the determination of limiting mobilities from
isotachophoretic experiments. The data from an universal detector in the isotacho-
phoretic apparatus were fed to an on-line computer and recalculated to the actual
resistance. The computer simultaneously regulates (on the basis of the calculated
actual resistance in the detected zone) the driving current passing through the capillary
tube, so that the thermal power at the detection site is constant and the temperature of
the test solution has a required (preferably standard) value. An advantage of an
isotachophoretic experiment controlled in this way is the fact that the dependence of
the physical and physico-chemical quantities used on the temperature need not be
considered in the recalculation of the experimental data to the limiting ionic mobilities.
The limiting mobility calculation considers all the substances as ampholytes. The
method was verified using an apparatus with an high-frequency contactless detector.

INTRODUCTION

Production of Joule heat in the separation chamber or the separation medium is
inherent to all electromigration methods. In isotachophoresis the situation is further
complicated by the fact that the separation occurs in a free solution system without
excess of the background electrolyte, so that the zones of the species separated have
different conductivities. Therefore, different amounts of heat are produced in different
zones and the zones generally have different temperatures. This offers the possibility of
a simple detection of zones, and therefore several thermometric detectors have been
constructed, especially at the beginning of development of instrumentation for
isotachophoresis, e.g., refs. 1 and 2.

The heat production has however an unfavourable effect upon the sharpness of
the zone boundary. Capillary tubes of most commercial instruments are therefore
thermostatted, but thermostatting of the capillary tube does not preclude different
zone temperatures. It is necessary to take account of this if isotachophoresis is to be
used for determination of physico-chemical constants.

The temperature influences many quantities that play a role during isotacho-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.



70 B. GAS, J. ZUSKA, J. VACIK

phoretic separation, e.g., the relative permitivity and viscosity of a solvent and of
course, acid dissociation constants, pK,, and limiting ionic mobilities, u°. For
example, the temperature coefficient ofthe ratio of limiting mobilities, uO(T)/uo(298) 18
for the majority of ions ca. 0.023 K~'. This means that if we want to determine
mobilities with an accuracy better than l%, we must assure the temperature control
better than 0.4 K.

Some isotachophoretic experiments were performed®* by manual control of the
driving current in order to maintain a constant potential gradient in all zones. The
zones were characterized qualitatively from changes in the driving current. The
temperature differences at the site of detection were slight in the constant potential
gradient regime in comparison with the constant driving current regime. The same
authors®* tried a manually controlled constant thermal power regime, but the results
did not convincing.

In our laboratory, we have carried out isotachophoretic experiments with
a constant temperature at the site of detection®. The signal from the thermometric
detector —thermocouple— was treated by a computer which controlled the driving
current in such a manner as to maintain a constant signal from the detector. The
changes in driving current were processed by the computer to determine the qualitative
parameters of the zones.

In this contribution, a method is described for maintaining a constant
temperature at the site where the universal detector senses the property of zones which
is a continuous and monotonous function of the specific resistance.

THEORETICAL

During isotachophoretic experiments, radial differences in temperature exist in
the zones and axial differences in temperature between the different zones. Many
studies has been concerned with these problems, e.g., refs. 6-9. Owing to a temperature
dependence of the electrolyte conductivity, the radial temperature profile is somewhat
steeper than parabolic. For our purposes, we can cope with the mean radial
temperature, T}, at the detection site of the universal detector. We intend to keep T
constant for all zones passing through the detector.

A thermal power, p, related to the unit length, arising in the solution in all parts
of the capillary tube can be expressed as

= dPjdl = IE = Pp/S 1

where P is the input thermal power in the capillary tube, / is the length axis of the
capillary tube, I is the electric current, E is the electric field strength, S is the
cross-section of the capillary tube and p is the specific resistance of the electrolyte. The
thermostatting of the capillary tube is generally performed by keeping a constant
temperature, T, outerside of the tube. A thermal power arising in the solution owing
to a driving current entails an increase of the electrolyte temperature above the
thermostatting temperature, T,. The mean radial temperature, T}, in any length
coordinate of the capillary tube can be approximated as

T, =To+ qp = To + qI’p/S (2)
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where ¢ is the thermal transfer coefficient describing the efficiency of the thermal
transfer from an electrolyte inside the capillary tube to the thermostat. The value of
g depends greatly on constructional details'® and is sometimes cited by suppliers of
commercial equipment.

For our purposes, we need to know g at the site of the sensing detector. It was
determined by filling the capillary tube with a calibrating solution of KCl and
measuring the dependence of the solution resistance on the current flowing through the
capillary tube. The detector used was an high-frequency contactless conductivity
detector whose construction allows easy thermostatting of both the measuring cell and
the surrounding capillary tube. The rest of the capillary tube was not thermostatted.
The determination of the physico-chemical constants is convenient at a temperature of
. 25°C(298.15 K) at the detection site since the values of these constants are tabulated
mostly for 25°C.

We need therefore to maintain the mean radial temperature, T, at 25°C. The
thermostatting temperature, T,, has to be

To = T, — qP%p/S 3)

where for p we take the specific resistance of the leading electrolyte and for I the
starting current of the experiment. We assume a negligibly small temperature
dependence of the cross-section of the capillary tube. Maintaining a constant
temperature at the detection site is based on the computer control of the driving
current in order to hold the thermal power term, gI?p/S, constant, at the same value as
in the leading electrolyte.

EXPERIMENTAL

Equipment

Our device is shown in Fig. 1. A reconstructed high-frequency contactless
conductivity detector was used''~'®. We have sought simplicity of the electric circuits
and temperature and time stability. An autocalibrating principle was used for signal
treatment. Into the signal processing circuits (SPC), both the signal from the
measuring cell (MC) and the part of the alternating voltage from the exciting signal
generator (ESG) are fed. The measurements were continuously calibrated for zero drift
and gain. In this way, the temperature and time fluctuations of all parts of the
measuring chain are efficiently suppressed, with the exception of the preamplifier
(PA). However, the latter was thermostatted together with the measuring cell and the
surrounding of the capillary tube.

By calculating the transfer function of the equivalent circuits of the measuring
cell, we have shown a proportionality between the optimum electrolyte concentration
interval and the frequency of the exciting signal'’. Therefore, we constructed two
versions of the detector, one for a frequency of | MHz, and the second for a frequency
of 10 MHz. It was demonstrated that the former was most suitable for a leading
electrolyte concentration of 0.001 M and the latter for one of 0.01 M.

The 1-MHz version was used in the equipment described. A signal from the
processing circuits SPC was read by an analog-to-digital converter (ADC) and
recalculated in a computer by means of a calibrating function, because the response of
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CHYS DAC
RS | COMPUTER
Y| 232
TE scc
SD
| ADC |
pcu
cT
sPC
TP
EsG 3 Mc | Pa
LE

Fig. 1. Block diagram of the equipment. CHVS = Controlled high voltage supply; TE = terminating
electrolyte reservoir; SD = sampling device; CT = capillary tube; MC = measuring cell; ESG = exciting
signal generator; PA = preamplifier; LE = leading electrolyte reservoir; TP = thermostatted part of the
equipment; SPC = signal processing circuit; ADC = 12 bit analog-to-digital converter; SCC = serial
communication circuits; DAC = 12 bit digital-to-analog converter; DCU = data conversion unit.

the detector is not linearly dependent on the specific resistance of the electrolyte.
A digital-to-analog converter (DAC) controls the driving current supplied to the
capillary tube by a controlled high-voltage supply (CHVS). Communication between
the computer and the isotachophoretic equipment was realized by means of an
optically isolated RS 232 serial line. Before measurement, the thermostat was set at the
temperature, T, calculated according to eqn. 3. After sample introduction, the control
of the experiment was passed to the computer. The control program operates in
a conversational manner. The flow chart of that part of the computer program that
carries out the temperature control is shown in Fig. 2. A requested starting current
together with other data are entered via the keyboard and the computer switches on the
current to capillary tube. Subsequently, the computer calculates the thermal power
generated in the leading electrolyte. The computer then drives the current in the
capillary tube so as to attain the same thermal power in the course of the whole
experiment. A programmabile timer in a program loop permits variation of the clock
frequency of the measurement from {0 Hz to an arbitrarily low value. At the same
time, the specific resistance measured is stored in a memory and displayed on a CRT
screen in the form of an isotachopherogram.

After the termination of the measurement, any part of the experiment can be
graphically presented in any way. Values of the specific resistance or the time can be
read with a 12-bit accuracy by means of a cursor. In addition, it is possible to store any
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Fig. 2. Flow chart of the control program.

part of or the whole experiment on a floppy disc. An illustration of the isotacho-
pherograms is shown in Fig. 3.

The above described control of the driving current is rapid and without any
overshoots. This is due to the small time constant and small open loop gain of the
feedback loop. In our earlier work®, temperature was measured by means of
a thermometric detector and the computer controlled the current so as to achieve
a constant signal from the detector. To attain a small control error, the open loop gain
was higher and, in addition, the time constants in a loop were higher due to
thermometric detection. Therefore, the transfer function of the control had to be
properly chosen in order to maintain rapid and stable control. We used a so-called
self-adaptive control algorithm.

Measurements and calculations

In order to confirm the general applicability of the method and equipment
proposed, the limiting mobilities of some anions were determined. Our model! 718 of
the isotachophoretic steady state has been reported previously. In this study, the
computational method'® was modified for evaluation of limiting mobilities from
constant temperature isotachophoretic experiments. The model is based on the same
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Fig. 3. llustration of an isotachopherogram and of its computer treatment. (a) Separation of acetate and
iodate obtained with the operational system His/His - HCI. The terminating electrolyte was glutamic acid.
The initial current was 10 A, (b) Amplified part of the isotachopherogram.

presumptions as those used for a model described by Everaerts?, Hirokawa and
Kiso'?2® and other authors and has the following aspects:

(a) All substances can be considered as ampholytes.

(b) The Onsager-Fuoss theory?! (taking into account the so-called “mixture
effect”) is used for the relationship between actual and limiting mobilities.
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(c) The limiting mobilities, dissociation constants, relative permittivity and
viscosity of the solvent can be considered as temperature dependent. In the method
proposed, it is not necessary however, because the experiments are carried out at
constant temperature.

(d) Acid dissociation constants are not corrected for the ionic strength. (This
will be improved on in the near future by using Debye—Hiickel equations?2:23))

The leading electrolyte was 0.002 M hydrochloric acid with 0.003 (pH 5.82) and
0.004 M (pH 6.12) histidine as a counter ion. The terminating electrolyte was 0.002
M glutamic acid. The separation tube had 0.45 mm [.D. The starting driving current
was 15 uA. All chemicals used were of analytical reagent grade. The water used was
twice distilled. The limiting mobilities of the following acids were determined: strong
acids, nitric, iodic, chloric and perchloric; weak monovalent acids, acetic and
propionic; weak divalent acids, oxalic, succinic, adipic and maleic; amphiprotic
glutamic acid. For oxalic, succinic and adipic acids, the limiting mobilities of the
mono- and divalent components could not be obtained simultaneously, because they
are almost completely dissociated to the divalent forms. Therefore, the limiting
mobilities of the monovalent components were entered into the computer as input
data. Similarly, for glutamic acid, the mobility of the ion glut™* is considered to be the
same as that of the ion glut ™ and the mobility of the ion glut*~ is entered as an input
datum. For maleic acid, the mobilities of both forms were obtained.

In Table [ are listed both the input data for calculation and the data evaluated

TABLE |
LIMITING MOBILITIES EVALUATED (25°C)

pK. = Thermodynamic acid dissociation constant from refs. 30 and 33. U° = evaluated limiting mobility
(m* V™' s7') - 10%. ¢ = Standard deviation of a single measurement of mobility (m2 V=1 s~ 1) - 10°.
U°(lit) = Limiting mobility from ref. 30.

Anion of acid pK, u° ¢ Ul(lit)
Hydrochloric (1-) —6.1¢ 79.1¢ - 79.1
Nitric (1) —1.34° 745 0.1 74.1
Todic (1 —) 0.77¢ 42.1 0.2 42.0
Chloric (1) —2.70"  66.9 0.1 67.0
Perchloric (1 ~) —~7.3¢ 70.0 0.1 69.8
Acetic (1—) 476° 419 0.1 424
Propionic (1 —) 487 36.5 0.1 37.1
Oxalic (1 —) 1.27¢ 42.4¢ — 42.4
Oxalic 2—) 427 778 0.1 77.0
Succinic (1) 4.21° 3307 — 33.0
Succinic (2—) 5.64°  60.2 0.1 60.9
Adipic (1 —) 4.43¢ 246" - 24.6
Adipic (2—) 5410 527 05 524
Maleic (1 —) 1.92¢  40.7 04 413
Maleic (2—) 6.22° 620 0.4 62.4
Glutamic (1 —) 438  29.1 0.2 28.9
Glutamic (2-) 9.96" 49.6° - 49.6
Glutamic (1+) 2,16 29.1* - 28.9

¢ Input data for evaluation.
? Value set the same as for glutamic acid (1—).
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TABLE III
CALCULATED MOBILITIES OF K* AND SOZ~ (25°C)
Symbols-as in Table II.

Concentration Uy, Ug, — Uy, Usoi- Ugor- — Uso?-
0 76.2 829

0.0001 M K*, 0.00005 M SOZ2~ 75.4 0.8 81.7 1.2

0.001 M K™, 0.0005 M SO~ 737 2.5 79.1 3.8

0.01 M K*, 0.005 M SO2~ 63.4 7.8 71.0 1.9

according to our model. The data reported by Hirokawa et al.**=3° are also given for
comparison. A very good agreement with published limiting ionic mobilities is
apparent from the table, especially for the anions of strong acids.

In earlier versions of our models!”-'® we calculated the temperatures of the zones
by means of eqn. 2 and recalculated temperature-dependent quantities to 25°C. In the
method described, the temperature of 25°C is maintained automatically, so that no
temperature corrections are necessary. This results in a better accuracy of the
physico-chemical quantities evaluated.

An autocalibrating contactless detector having a long-term thermal stability has
been used. It follows that the sensing electrodes do not sustain any chemical and
physical changes and thus the measurement is not disturbed.

Furthermore, the 1-MHz version of the detector facilitates the use of the
electrolyte systems in millimolar range. The lower the concentration of the electrolyte,
the lower is the correction of ionic mobilities to infinite dilution carried out by the
Onsager-Fuoss theory. The electrolyte system is roughly speaking closer to infinite
dilution. For comparison, the calculated mobilities of CI~ and SO2~ with a common
counter ion K * are given in Table IL. The difference between the limiting mobility and
the mobility at a given concentration together with the values of ux+ + uc- obtained
from the experimentally measured dependence of the conductivity on the concentra-
tion®"3? for KCI are also shown. The decrease in the mobility with increasing
concentration of di- and polyvalent ions is higher than for monovalent ions (see Table
III), so that, for example, SO~ cannot be isotachophoretically determined with
a0.001 M Cl™ leading electrolyte system, due to the fact that SO2 ~ is more mobile than
Cl™ at this concentration. It is seen also that the correction required by the theory at
0.01 M is more than three times higher than for that of 0.001 M as follows from the
square root dependence of the mobility on the ionic strength. Even for the most simple
case of an uni-univalent electrolyte, the calculated mobility deviates by 1% from the
experimentally obtained value at 0.01 M (compare the values 145.4 and 146.9).
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DATA ACQUISITION IN CAPILLARY ISOTACHOPHORESIS

B. J. WANDERS, A. A. G. LEMMENS, F. M. EVERAERTS and M. M. GLADDINES*

Laboratory of Instrumental Analysis, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eind-
hoven ( The Netherlands)

SUMMARY

A computer program was developed for data acquisition in capillary isotacho-
phoresis. The program consists of two modules, one for data acquisition and the
other for data analysis. The data analysis module calculates zone lengths and step
heights automatically. This can also be done by the operator on a graphics screen.
The program was tested on the analysis of both a thirteen-component standard mix-
ture and a more complex sample.

INTRODUCTION

During the last decade, capillary isotachophoresis (ITP) has been increasingly
used for complex samples, but an important drawback is that the zone lengths and
step heights still have to be measured manually. The few computer programs'~> that
have been developed are sufficiently accurate for standard mixtures, but for complex
mixtures they still have major limitations.

The program developed by Reijenga et al.! is based on conversion of the con-
ductometer signal to a signal with chromatographic properties. This was done for two
reasons: the smaller amount of memory in the computer needed for data storage, and
the fact that a commercial chromatographic signal-processing system can process the
converted data and calculate the zone lengths (surface of the peak) and the step
heights (time of the peak). Disadvantages of this method of measurement are the loss
of time information: a zone with a smaller step height than that for the previous zone,
i.e., an enforced zone*> cannot be recognized as such, and the fact that a slightly
increasing or decreasing zone can be subdivided by the computer program into more
zones®,

Stover et al.? developed a program based on a Hewlett-Packard HP-85 micro-
computer. In this program, the differentiated conductivity signal is acquired via a
12-bit analogue-to-digital converter (ADC) and the original isotachopherogram can
be reconstructed from these differentiated data. A disadvantage of this system is that
slightly increasing or decreasing zones will be reconstructed as straight zones. As a
consequernce, an error may occur in the step-height measurement. In a later version of
the program?® both the analogue and the differentiated signal were acquired. The
analogue signal was used for terminator recognition and step-height measurement,

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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and zone lengths were determined from the differentiated signal. This program be-
longs to a system for complete automation of capillary isotachophoresis and will be
sufficient for simple isotachophoretic experiments.

A computer program, however, should provide more possibilities for the user,
e.g., to manipulate some thresholds, if the automatic data processing fails. This may
happen, for example, with complex mixtures. A new program has therefore been
developed that possesses, in addition to possibilities for automatic data handling,
several routines for manual data analysis, data smoothing and zone-type determina-
tion (straight zone, increasing or decreasing zone).

EXPERIMENTAL

The program, written in Turbo Pascal 4.0 (Borland International, Scotts Val-
ley, Ca, U.S.A)), runs on an IBM MS-DOS computer (IBM, Boca Raton, FL,
U.S.A)) with a LabMaster ADC (Scientific Solutions, Solon, OH, U.S.A.). The pro-
gram supports several graphics cards (Hercules, CGA, EGA and VGA).

The program was tested by analysing: a standard sample consisting of thirteen
components and a more complex sample, beer (“Bavaria”, Lieshout, The Nether-
lands). This beer sample was taken because the isotachopherogram consisted of both
large and small zones.

The zone lengths and step heights were measured both manually on a recorder
and by the computer. The analyses were carried out on the laboratory-made equip-
ment described by Everaerts et al.*. The diameter of the capillary was 0.2 mm and the
length was 20 cm. The driving current, delivered by a high-voltage supply (LKB,
Bromma, Sweden), was 25 uA. The electrolyte system used for both samples is listed
in Table I. The analogue signal of the conductivity detector was digitized by the
ADC, which was connected with the IBM computer. The analogue signal was also
plotted on a BD41 line-feed recorder (Kipp & Zonen, Delft, The Netherlands) for the
manual determination of the step heights. The electronic differentiated conductivity
signal, plotted on the recorder, was used for the manual determination of the zone
lengths.

TABLE 1

ELECTROLYTE SYSTEM FOR THE ITP ANALYSIS OF THE TEST MIXTURE (FIG. 4) AND
BEER (FIG. 5)

Leading ion Chloride

Concentration 001 M

pH 6.0

Counter ion Histidine (Merck, Darmstadt, F.R.G.)

Additive 0.2% Hydroxyethylcellulose (Polysciences, Warrington, PA, U.S.A)
Terminating ion Morpholinoethanesulphonic acid (MES) (Sigma, St. Louis, MO, U.S.A.)

Concentration 0.005 M
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RESULTS

Description of the program
Fig. 1 shows the structure of the program. It consists of two modules, a data
acquisition and a data analysis module.

Data acquisition module (Fig. 14)

This is for the regulation of the data collection of the analogue signal of the
conductivity detector by the ADC and for writing the data to floppy disk. This
module consists of three parts:

“Measure”. This starts the data acquisition. The sampling frequency can be
varied from 1 to 30 000 Hz. For most routine analyses a sampling frequency of 40 Hz
will be satisfactory. During the measurement a real-time plot is displayed on the
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Fig. L. Outline of the computer program.
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screen. After the measurement the user is asked for a name under which the datafile
has to be saved.

“Channel”’. This changes the channel number.

“Adjustment baseline”’. This adjusts the base line above zero.

Data analysis module (Fig. 1B)

This is for the automatic or manual calculation of the step heights and zone
lengths. This module consists of six parts:

Loading of a datafile. This part serves for the loading of an earlier saved datafile
from the floppy disk into the RAM of the computer and a first rough definition of the
zone borders and a zone-type determination. For the determination of the zone bor-
ders the isotachopherogram is transformed into a height-frequency diagram as de-
scribed!. The values which exceed the noise level are indicated as zones, provided that
the distance between two zones is larger than the value of the parameter “minimal
zone distance”. In Fig. 2 zones 1, 2 and 5 are recognized by the program as separate
zones, whereas zones 3 and 4 are linked. The peak between 1 and 2 is not identified as
a zone at this noise level. Finally, a routine “zone-type determination” attributes to
each zone a zone-type number: 1 for a straight zone, 2 for a decreasing zone, 3 for an
increasing zone and 4 for a small zone.

Graphics display of the results. With three graphics screen plot functions, the
determination of the zone borders can be examined. The first function can display the
whole isotachopherogram, the inflection points and estimated zone borders. The

at
aR
N

noise
level

[|\| | ]
—> R H

Minimal zone distance

Fig. 2. A converted diagram of a isotachopherogram according to Reijenga ef al.’. t = time; R = clectric
resistance.
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second function plots the height—frequency diagram (Fig. 2). The third function plots
the zones separately.

Data smoothing. This part smooths the data when the noise is too high. This
routine works with a digital noise filter; the value of a certain point is recalculated
from the mean of the surrounding points, where the contribution of each point to the
mean value depends on the distance to the original point. In this routine a 25-point
filter is used according to the theory of Savitsky and Golay’-8.

Change default parameters. This part gives the possibility of changing the (de-
fault) parameters “noise level” and “minimal zone distance”.

Calculation. In this part the step heights and zone lengths are calculated auto-
matically. First, the inflection points are determined. The inflection points are the
maxima of the first derivative of the signal. The first derivative is calculated with a
Savitsky and Golay filter as described under Data smoothing. The parameter “differ-
entiation limit” determines the minimal value that the first derivative must fulfil in
order to be recognized as an inflection point. The parameter “differentiation limit”
can be entered by the user before the automatic calculation. In flat zone borders,
where the first derivative is below this value, no inflection point will be found. The
inflection point is estimated from the middle between the temporary zone borders.
The zone length is now determined from the distance between two inflection points.

The step height is determined separately for each zone type:

Zone type 1 (straight zone): the mean of all points between the left and right
border for which the first derivative is zero.

Zone type 2 (decreasing zone): the highest point between the left border and
right zone border.

Zone type 3 (increasing zone): the mean of the step height of the first part (40
points) of the zone to obtain reproducible step heights for zones of different lengths.

Zone type 4 (small zone): the step height of very small zones (fewer than 40
points) is determined from the mean step height of all points between the left and
right zone border.

Finally, the results of this part are printed. An exampie of this is shown in Table
II, where a computer output is shown of the analyses of the beer sample (Fig. 5).

“Manual” determination of the zone characteristics. If the zones are not correct-
ly determined in the previous part, then with this part zone lengths and step heights
can be determined “manually”. This means that the zone lengths and step heights can
be determined on the screen.

Starting with the plot procedure “graphic display of results”, the whole iso-
tachopherogram is displayed on the screen (Fig. 3). If necessary it is possible to
enlarge a certain part of the isotachopherogram. For the determination of the zone
lengths two vertical lines can be displayed on the screen. With the cursor keys the lines
can be moved. Under the isotachopherogram the distance between the two lines is
displayed. For determining the length of a certain zone the lines have to be moved to
the inflection points of the zone. The zone length is then displayed under the iso-
tachopherogram. The minimal error of the “manual” zone length determination is
0.025 s (at 40 Hz) with full enlargement of the isotachopherogram.

Analogously the step height can be determined with horizontal lines.
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TABLE 11
EXAMPLE OF OUTPUT FROM THE COMPUTER AFTER AN AUTOMATIC CALCULATION

Sample, I ul of beer (see Fig. 5). Ba6 = sample name; Diff. Limit = differentation limit; Min. Zone Dis. =
minimal zone distance; Type = see text; I/Z = method of zone length calculation (I = between inflection
points; Z = between zone borders if one or two inflection points are not found); SH = step height; RSH =
relative step height; ZL = zone length.

Bab Noise Level= 3 Diff. Limit= 25 Min.Zone Dis.= 5
Zone Iype I/Z  SH RSH ZL

Leading 3 - 224 0.0000 -
1 1 I 327 0.0295 3.40
2 1 I 382 0.0453 2.38
3 4 I 619 0.1132 1.22
4 3 I 692 0.1342 16.27
5 1 I 770 0.1565 6.95
6 3 I 880 0.1881 2.25
7 3 I 1044 0.2351 4.52
8 3 z 1141 0.2629 12.30
9 1 Z 1350 0.3228 70.70
10 3 I 1363 0.4134 14.00

Terminator 2 - 3712 1.0000 -

Testing of the program

Fig. 4 shows the isotachopherogram of a standard mixture. In Table 1T the
results are shown of the zone length measurements for five analysis of the sample with
an injection amount of 4 pl, which corresponds to an absolute injection amount of
1 nmol for each component. To test the program for small zones, we also analysed 1
ul. These results are also shown in Table I11. In Table IV the results are shown for the
relative step-height measurements for the same injection amounts.

It can be seen that the automatic measurements for both the zone lengths and
step heights agree with the manual measurements. The coeflicients of variation of the
zone-length measurements vary from 0.5 to 3% for both methods. With the manual
measurement, however, a recorder speed of 30 cm/min was used, whereas the normal
speed is 6 cm/min. If the latter speed had been used a larger error (30 cm/min + 0.1's,
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Fig. 3. Screen display of an isotachopherogram.
A

— ——Dt

Fig. 4. Isotachopherogram of a test mixture analysed using the electrolyte system in Table I. L = Leading;
1 = sulphate; 2 = chlorate; 3 = chromate; 4 = malonate; 5 = pyrazole-3,5-dicarboxylate; 6 = adipate;
7 = acetate; 8 = f-chloropropionate; 9 = benzoate; 10 = naphthalene-2-monosulphonate; 11 = gluta-
mate; 12 = enanthate; 13 = benzylaspartate; T = terminator. = time; R = resistance.
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TABLE I11

MEAN AND STANDARD DEVIATION (S.D.) FOR THE MANUAL (USING A LINE FEED RE-
CORDER) AND AUTOMATIC (USING THE COMPUTER) ZONE-LENGTH MEASUREMENTS
ON THE TEST MIXTURE (n = 5)

The numbers correspond to the zones indicated in Fig. 4.

Zone Injection amount
No.
1 nmol 0.25 nmol
Manual Computer Manual Computer
Mean (s) S.D. Mean (s) S.D. Mean (s) S.D. Mean (s) S.D.
1 7.39 0.42 732 0.48 2.16 0.10 2.16 0.08
2 325 0.00 3.24 0.04 1.21 0.02 1.20 0.05
3 3.35 0.06 3.38 0.06 0.79 0.02 0.79 0.03
4 5.42 0.06 5.43 0.08 1.56 0.02 1.54 0.02
9 5.31 0.02 5.32 0.04 1.50 0.03 1.50 0.02
6 6.09 0.04 6.09 0.07 2.38 0.07 2.37 0.06
7 3.15 0.06 3.12 0.07 1.03 0.03 1.03 0.03
8 3.78 0.06 3.76 0.05 1.18 0.02 1.19 0.04
9 4.02 0.04 4.03 0.05 1.23 0.01 1.24 0.01
10 2.83 0.06 2.84 0.06 0.86 0.02 0.86 0.01
11 3.7 0.07 3.81 0.07 1.06 0.01 1.07 0.01
12 3.71 0.08 3.73 0.09 1.02 0.02 1.02 0.03
13 4.99 0.16 5.02 0.18 1.43 0.03 1.41 0.02
TABLE IV

MEAN AND STANDARD DEVIATION (S.D.) FOR THE MANUAL (USING A LINE FEED RE-
CORDER) AND AUTOMATIC (USING THE COMPUTER) RELATIVE STEP-HEIGHT MEA-
SUREMENTS ON THE TEST MIXTURE (n = 5)

The numbers correspond to the zones indicated in Fig. 4.

Zone No. Injection amount

1 nmol 0.25 nmol
Manual Computer Manual Computer
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
1 0.029 0.0007 0.029 0.0005 0.029 0.0009 0.030 0.0006
2 0.051 0.0000 0.051 0.0007 0.051 0.0006 0.053 0.0006
3 0.078 0.0005 0.079 0.0012 0.081 0.0009 0.084 0.0010
4 0.119 0.0005 0.119 0.0008 0.116 0.0009 0.116 0.0007
5 0.161 0.0005 0.161 0.0007 0.160 0.0020 0.160 0.0008
6 0.219 0.0005 0.223 0.0011 0.222 0.0027 0.221 0.0011
7 0.269 0.0007 0.269 0.0007 0.275 0.0010 0.273 0.0011
8 0.348 0.0018 0.347 0.0008 0.353 0.0040 0.350 0.0017
9 0.419 0.0019 0.418 0.0015 0.424 0.0026 0.419 0.0018
10 0.483 0.0009 0.483 0.0015 0.487 0.0044 0.480 0.0022
11 0.552 0.0018 0.552 0.0018 0.555 0.0032 0.550 0.0017
12 0.605 0.0019 0.604 0.0021 0.603 0.0041 0.598 0.0023
13 0.709 0.002 0.705 0.0006 0.704 0.0047 0.699 0.0030
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Fig. 5. Isotachopherogram of a beer sample analysed using the electrolyte system in Table I. L = Leading;
I = sulphate; 3 = formate; 4 = malate; 5 = citrate; 10 = phosphate; 2,6,7,8,9 = not identified; T =
terminator. { = time; R = resistance.

TABLE V

MEAN AND STANDARD DEVIATION (S.D.) FOR THE MANUAL (USING A LINE FEED RE-
CORDER) AND AUTOMATIC (USING THE COMPUTER) ZONE-LENGTH AND RELATIVE
STEP-HEIGHT MEASUREMENTS ON THE BEER SAMPLE (n = 10)

The numbers corresponds with the zones indicated in Fig. 5. The numbers in parenthesis denote the
number of zones which are measured “manually” using the graphics screen plot.

Zone Zone length Step height
No.
Manual Computer Manual Computer
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
i 3.27 0.17 3.30 0.19 0.029 0.0003 0.030 0.0004
2 231 0.09 2.34 0.07 0.044 0.0004 0.045 0.0003
3 1.21 0.01 1.22 0.02 0.111 0.0010 0.113 0.0010
4 16.20 0.10 16.18 0.12 0.136 0.0015 0.134 0.0013
5 6.93 0.05 6.96 0.07(1)  0.158 0.0012 0.157 0.0010
6 2.19 0.02 2.22 0.04 0.185 0.0020 0.188 0.0015
7 4.57 0.07 4.55 0.09(1)  0.236 0.0015 0.234 0.0019
8 12.60 0.35 12.55 0.58(3) 0.264 0.0025 0.262 0.0023
9 69.45 1.20 69.53 1.30 0.325 0.0039 0.327 0.0042
10 14.40 0.37 14.37 041(1) 0410 0.0018 0.412 0.0024
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60 cm/min + 0.5 s), due to the thickness of the recorder pen, could be expected for the
manual measurements, especially for small zones. '

Finally, the program was tested with a complex sample. A 1-ul volume of beer
was injected ten times and Fig. 5 shows the isotachopherogram obtained. The zone
lengths and relative step heights of the ten zones were measured by the computer and
manually, using the analogue differentiated signal on the recorder. The results are
given in Table V. The automatic measurements correspond well with the manual
measurements. In Table V those zones which were measured “manually”, using the
graphics screen plot, when the automatic data processing failed are indicated.

CONCLUSIONS

The use of this computer program for data acquisition in capillary isotachopho-
resis will expand its applications in routine analysis. The program can measure zone
lengths and step heights automatically or “manually” using a graphics screen plot.
For most applications the automatic data processing will be sufficiently accurate. For
complex samples a manual correction may be necessary for some zones. Tests with
the program have shown that the automatic measurements agree with the manual
measurements.
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Laboratory of Instrumental Analysis, Eindhoven University of Technology, P. O. Box 513, 5600 M B Eind-
hoven (The Netherlands)

SUMMARY

Systems are described for the on-line determination and control of electroen-
dosmosis that offer several advantages for both electrochromatographic and electro-
phoretic separations. For electrochromatographic separations the control system can
be used to stabilize the electroendosmosis and obtain a better reproducibility of the
results. For electrophoretic separations this control system offers the possibility of a
so-called “‘upstream” separation, which results in a decrease in the plate height and
thus a better resolution. Further, the controlable electroendosmosis can be used to
determine with high reproducibility, in one run, both ionic (anions and cations) and
non-ionic components, using only one detector.

INTRODUCTION

Electroendosmotic flow (EOF) is a liquid flow that occurs if an electric field is
applied over the length of a capillary that has an active surface and is filled with an
electrolyte. This flow originates from the existence of an electric double layer between
the charged capillary wall and the liquid. The theoretical background has been dis-
cussed more extensively elsewhere!=7.

In capillary zone-electrophoresis (CZE), in which ionic components are sep-
arated on basis of the difference in their effective mobilities in an electric field, and in
capillary electro-chromatography (CEC, also called electroendosmotically driven
liquid chromatography®-19), in which non-ionic components are separated, EOF can
be used as a liquid pump. Instead of open capillaries, capillaries packed with small
particles or tubes can also be applied'®.

In all these instances it is of the greatest importance that the EOF is constant, or
at least is known during the experiment (for the identification of the components). A

solution to this problem is an on-line measurement and control system for EOF, as
described here.

“ Patent pending, application No. 8802273 (The Netherlands).

0021-9673/89/%$03.50 © 1989 Elsevier Science Publishers B.V.
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THE CONTROL SYSTEM

The control system for electroendosmosis consists of two main parts. The first
part is a unit which measures the EOF on-line and the value is registered by a comput-
er. The second part is the control unit, which can execute control both directly and
indirectly.

The measurement unit

On-line determination of EOF using an analytical balance. With the use of an
analytical micro-balance, the weight of one electrode vessel is monitored in a specified
time interval (1-10 s) and this value is sent to a computer through an interface (IEEE
or RS232) (Fig. 1). With this value the EOF can be calculated using the equation.

Veo= AW/[AL - 1[(mr?p) )

where v, is the EOF (m/s), 4W/At the change in weight during the specified time
interval (kg/s), r the radius (m) of the capillary and p the density of the electrolyte
(kg/m>).

On-line determination of EOF using a post-column detector. In this method a
constant reference flow is used in which a strong UV-absorbing marker is dissolved.
This flow is mixed with the main flow (= EOF). By measuring the UV absorption in
this mixed flow, information can be obtained about the ratio between the reference
flow and the main flow. Because the reference flow is constant and known, the flow-
rate of the main flow can also be calculated.

As a liquid pump for the reference flow, both a mechanical (Fig. 2) and an
electroendosmotic (Fig. 3) pump can be used. Gas bubbles formed when using an
“EOF” pump can be trapped, if they interfere with the main flow and stop the EOF
(current switch-off), in different ways [e.g., bubble trap (Fig. 3, III)]. The result of the
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Fig. |. Schematic representation of the on-line determination of the EOF by weighing. [ = Electrolyte

vessels; 2= balance; 3= high-voltage power supply; 4= capillary; 5= platinum electrode; 6 = balanced
electrode; 7= interface.
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Fig. 2. Schematic representation of the on-line determination of the EOF using a post-column detector
and a mechanical pump. 1= Main flow; 2= reference flow; 3= mixed flow; 4= electrodes; S= high-
voltage power supply; 6= capillary; 7= electrolyte vessels; 8 = mechanical pump; 9= analytical detector;
10= post-column detector.

Fig. 3. Schematic representation of the on-line determination of the EOF using a post-column detector
and an EOF pump. 1= Main flow; 2= reference flow; 3= mixed flow; 4= electrodes; 5= high-voltage
power supply; 6= capillary; 7= electrolyte vessels; 8= bubble trap; 9= analytical detector; 10= post-
column detector.

on-line measurement of the EOF is registered by a computer, to be used in the control
unit.

The control unit

Direct control of the EOF can be achieved by coupling the computer to the
high-voltage power supply (e.g., Gamma HV50000/1.25; Gamma High Voltage Re-
search, Mt. Vernon, NY, U.S.A.). A change in the EOF can then be corrected by
decreasing or increasing the voltage applied. Indirect control can be achieved by
adjusting the speed of the recorder or by correcting the results, after the experiment,
for the values of the EOF (Fig. 4).

a

Fig. 4. Schematic representation of the control system. 1= Separation compartment; 2= high-voltage
power supply; 3= on-line measurement of the EOF; 4= recorder; 5= printer/screen. a= Direct control;
b= indirect control by adjusting the speed of the recorder; c= indirect control by recalculation of the
results after the experiment.
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Fig. 5. Representation of the simultaneous separation of anions, cations and non-ionic components. The
wall carries a negative charge. Repulsion of the anions in the upstream section and attraction of the cations
in the downstream section is obtained.

Advantages of the control system

Without an on-line measurement and control system, the EOF may vary under
the influence of, e.g., temperature or surface-active components, between two experi-
ments, or even during one experiment. This leads to poor reproducibility of the
results. The first advantage of the control system is an improvement in reproducibility
for both electrophoretic and electro-chromatographic separations. In addition on-
line control of the EOF also offers other possibilities for both CEC and CZE.

In CEC, the EOF can now be used as a reproducible pump, which can compete
with, or even is better than, a mechanical pump. The advantage of using an “EOF”
pump is its almost flat velocity profile. Consequently, the peak broadening is reduced
and the separation is of better quality. In CZE, this control system for the EOF offers
the possibility of a so-called “upstream” separation (Fig. 5, I). In this instance the
separation of, e.g., anions is performed while the EOF is flowing in the opposite
direction. The combination of the increase in separation time and the repulsion be-
tween the ions and the capillary wall results in smaller plate heights and hence better
resolution.

A final advantage of the control system is the possibility of combining both
CZE and CEC techniques for the simultanous separation of ionic and non-ionic
components using only one detector. In Fig. 5 a difference is made between the
“upstream” separation (discussed in the previous example), the “downstream’ sep-
aration and “midstream” separation. In a ““‘downstream” separation, non-ideal sep-
aration conditions can arise because of interactions between the wall and sample
components and the decrease in separation time. The term “midstream” separation is
used for the chromatographic separation of the non-ionic components; moreover,
stationary phases can be used.

In this study the EOF has been measured'2. The regulation of EOF and its
contribution to the separation is under investigation.

CONCLUSIONS
The vital condition of using EOF in both CEC and CZE is the possibility of an

on-line measurement and control system. Such a control system not only improves
the quality of CZE and CEC, but also adds some new possibilities to both techniques
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such as the simultaneous separation of anions, cations and non-ionic components,
using only one detector.
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MODIFIED METHODS FOR OFF- AND ON-LINE DETERMINATION OF
ELECTROOSMOSIS IN CAPILLARY ELECTROPHORETIC SEPARATIONS

A. A. A. M. VAN DE GOOR*, B. J. WANDERS and F. M. EVERAERTS

Laboratory of Instrumental Analysis, Eindhoven University of Technology, P.O. Box 513, 5600 M B Eindhoven
( The Netherlands)

SUMMARY

Two modified methods for measuring the {-potential and electroosmotic flow in
capillaries for electrophoretic or electrochromatographic separations are discussed.
Streaming potential measurements with computer control and data acquisition can be
used off-line for rapid screening of the behaviour of capillaries. To test the equipment,
the variation of the {-potential with pH was performed and the characteristics of the
system are discussed. Weighing measurements were performed on-line. The variation
of the measurements with increased electric field strength are shown. For both
methods the reproducibility and the accuracy are discussed.

INTRODUCTION

In the last 15 years electroosmosis has been introduced as a way of transporting
the mobile phase in capillary chromatography* and the electrolyte solution in capillary
electrophoresis®. The benefit for chromatography is the flat velocity profile of
electroosmotic flow (EOF) compared with the parabolic flow profile arising from
mechanical pumping. This often leads to a decrease in band broadening and, therefore,
to higher plate numbers®*. The advantage for electrophoresis is the streaming
electrolyte, which can be used to sweep all ions towards the detector irrespective of the
sign of their charge. In this instance the absolute value of the electroosmotic velocity
must be higher than the absolute value of the electrophoretic velocities of each of the
sample components. If the electroosmosis is oriented opposite to the electrophoretic
dlrectlon of the ion and has a lower absolute value, then a counter flow of electrolyte
occurs>°. This always leads to an increase in separation time to obtain full resolution.

EOF in capillaries originates from an electric double layer between the capillary
wall and the liquid present in the capillary. If an electric field is applied over the length
of the capillary, the liquid starts to flow. However, other electrokinetic phenomena,
such as electrophoresis and surface conductance, appear simultaneously. These
phenomena influence the electroosmosis. Therefore, many parameters characterize the
separatlon Understanding, predicting and controlling the EOF, therefore, demands
a measuring technique that resembles closely the experimental separation conditions.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Several methods have already been applied. A neutral marker molecule can be
used to estimate the EOF7~®. This molecule is transported by the liquid flow and
should not be influenced by the electric field gradient or any adsorption effect. This
method, however, meets the same problems as finding a good zero retention time (ro)
marker, in liquid chromatography.

Colloidal particles, of the same material as the capillary, can be used'®. Their
electrophoretic migration gives information about the electrokinetic behaviour of the
material, although a large difference exists between this method and the separation
conditions.

Streaming potentials can be used to characterize the EOF*'~'# Reijenga et al.'®
applied this method to predict the effect of the EOF on the boundary conditions in
isotachophoresis.

Altria and Simpson introduced the idea of weighing the electrolyte which
leaves the capillary, giving direct information about the EOF. This technique,
however, gives only time-averaged results. On the other hand, no additives are needed
to determine the flow. Therefore, it resembles most closely the experimental
conditions.

We have adapted the method of Reijenga et al*®> and modified it to
a computer-controlled measuring system, which allows the changes in the capillary
with time to be monitored. We also modified the technique of Altria and Simpson!®-17
to an on-line measuring system. Both techniques are discussed after a brief theoretical
explanation.

16,17

THEORY

The theory of electrokinetic phenomena such as electroosmosis, electrophoresis,
surface conductance and streaming potential has been discussed extensively else-
where!1:12:18:1% Some necessary aspects will be pointed out in order to understand the
techniques described. When an insulator is immersed in a liquid, an electric double
layer results at the interface. This is caused by the charged surface arising from ionic
substances, which can be adsorbed, or from charged groups that are introduced by
dehydration. Because of this charged surface, ionic species with similar charge sign

Yo
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Fig. I. Representation of the double layer.
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(co-ions) are repelled from the surface while species with opposite charge sign (counter
ions) are attracted. This results in the so-called electric double layer. Part of these
counter ions are immobilized by a strong interaction with the surface. Others, which
reach further into the liquid, form the mobile, diffuse part. Because no electro-
neutrality exists within the electric double layer, a potential gradient arises as described
in the Gouy—Chapman theory.

Fig. 1 shows schematically the potential gradient at the solid-liquid interface. v
is the clectric potential at the surface. From this surface the potential decreases, while
entering the liquid, because the space charge diminishes. The potentials at certain
planes are defined to characterize the double layer. 14 is the potential at the interface
between the immobile and mobile parts of the double layer. The thickness of the
double layer, 6, is defined as the length between the two planes where the potential is
(1/€) g and 4, respectively''. A third characteristic potential is the {-potential, which
is the potential at the plane of shear, occurring when the liquid is forced to move.

The described interface is found in capillary electrochromatography and
capillary electrophoresis between the capillary wall and the liquid present in the
capillary. When an external electric field is applied tangentially to the surface, several
electrokinetic phenomena arise. Bulk electrolyte conductance and surface con-
ductance are a direct consequence of the electric field. Under operational conditions
the surface conductance can usually be ignored. Electroosmosis arises from the
movement of the ions in the diffuse part of the double layer. The electrolyte is dragged
along by these ions, which causes a liquid flow in the direction of the counter ions.

The Smoluchowski equation (eqn. 1) can be used to describe the velocity of the
liquid flow. It should be stated that this equation is valid only for capillary systems in
which the diameter is considerably larger than the double layer thickness. Also,
a uniform electrolyte in the system and a constant {-potential over the whole capillary
surface is expected?®.

vo = £ £ (1)
n

where v, is the electroosmotic velocity (m/s), ¢ the dielectric constant (F/m), # the
viscosity of the electrolyte (kg/m - s), { represents the {-potential (V) of the capillary
wall and F is the electric field strength (V/m) over the capillary. When, instead of an
electric field, a pressure gradient is applied tangential to the solid-liquid interface,
a potential difference, the streaming potential, is the result. The streaming potential,
E, can also be correlated with the {-potential of the surface and thus to the EOF by the
equation

4P e {
=

Ey 2)

were 4P is the pressure drop (N/m?) over the system and « is the specific conductance
(1/Q2m) of the electrolyte. Eqn. 2 can only be used when surface conductance can be
neglected with respect to the specific conductance of the electrolyte. A laminar flow
within the capillary is also required.
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EXPERIMENTAL

Streaming potentials

The experimental setup used was similar to that in the method of Reijenga et
al.'®, The situation is depicted in Fig. 2.

A capillary was fitted between two electrolyte vessels through plastic plugs.
Ag/AgCl electrodes (40 x 1 mm), made according to the method of Thomson??, were
placed in the vessels. The vessels contained connections allowing nitrogen to enter for
pumping the electrolyte.

From eqn. 2, it is clear that high streaming potentials and, therefore, high
resolution can be obtained by using high pressure drops. Therefore, care should be
taken with chosing proper capillary dimensions. Using PTFE capillaries the pressure
applied is limited to 1 atm because of the porosity of the capillary wall. This pressure
drop, on the other hand, limits the maximum length of the capillary because of the
minimum liquid flow required. However, to obtain a laminar flow during at least 90%
of the capillary, a minimum length of 20 cm (L.D. 300 um) was necessary!3. The
nitrogen pressure was switched using two magnetic valves, controlled by a computer,
through an analytical interface (Perkin-Elmer, Norwalk, CT, U.S.A.).

Streaming potentials were measured by connecting the electrodes directly to
a high-input impedance (10'? Q) mV meter (PW9414; Philips, Eindhoven, The
Netherlands). The signal was then both recorded on a BD41 strip-chart recorder (Kipp
& Zonen, Delft, The Netherlands) and sent to an Apple Ile computer (Apple
Computer, Cupertino, CA, U.S.A.) through the same interface.

The following cycles were performed. First, pressure was applied to one of the
vessels during a period of 20 s. In this time interval the potential difference across the
capillary had time to stabilize and the streaming potential was read and stored. In the
following 20 s the flow was forced in the opposite direction by applying the pressure to

electrodes
’ ~

N
/ electrode

vessels

capiliary

=l

interface

mV—meter

| 11 I

recorder printer computer

i
Fig. 2. Expefimental setup used for streaming potential measurements.
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Fig. 3. Experimental setup used for weighing measurements of electroosmotic flow.

the other vessel. Again the streaming potential was measured. Finally, no pressure was
applied for another 20 s. The potential difference between the electrodes was measured
and used as a reference. By this procedure an acceptable constant liquid level in the
vessels and, therefore, a constant liquid—electrode contact surface area was obtained.
This procedure also minimizes disturbances by gravity flow and corrects for
asymmetry between the electrolyte vessels. The streaming potential was calculated by
averaging the absolute value of both potential differences, corrected for the reference
value.

{-Potentials were calculated (eqn. 2) using the specific conductivity of the
solution, measured off-line with a digital conductivity meter (CDMS83; Radiometer,
Copenhagen, Denmark).

Weighing

The weighing setup is shown schematically in Fig 3. Again the capillary was
fitted in a similar way between the clectrode vessels. The electrodes in those
measurements were made of platinum wire (0.2 mm diameter). The grounded
clectrolyte vessel was placed directly on a Model MP8-1 microbalance (Sartorius,
Géttingen, F.R.G.). A high voltage was applied over the capillary using a Model HN
30000-1 high-voltage power supply (Heinzinger, Rosenheim, F.R.G.) in the con-
stant-voltage mode.

The electrodes had no contact with the vessel and even a spring was used to avoid
any disturbances, e.g., contraction of the capillary when an electric field is applied.
Also, the capillary was isolated from the balance to prevent current leakage. The
change in weight could be read directly from a display, from which the EOF could be
calculated.

First, the levels of the electrolyte in both vessels were brought to the same height
using gravity flow. This position was used as the starting position for all experiments.
Next, voltage was applied to the system, causing an EOF. The change in weight in the
vessel on the balance was registered every 5 min. This was sufficient to suppress errors
occurring from instability in the read-out. Next the flow was forced in the opposite
direction until the starting point was reached again. The same procedure was repeated
but, to compensate for any asymmetry in the system, the polarity was changed.
Finally, a run was performed without applying any voltage to correct for the gravity
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TABLE 1
0.01 M HYDROCHLORIC ACID ELECTROLYTE SOLUTIONS USED

pH Buffer ion K (1/Qm)

3.0 f-Alanine 0.1219
35 f-Alanine 0.1000
48 Creatine 0.0908
6.0 Histidine 0.0893
8.2 Tris 0.0853
9.0 Ammediol 0.0863

flow. The EOF was calculated by averaging the values of the two flows obtained,
corrected for gravity flow, using the equation

aw

= 3
Veo A[pA ()

where 4 W/ At is the weight difference measured in a given time interval, p the density of
the electrolyte used and A the cross-sectional area of the capillary.

Water used for preparing electrolytes was taken from a Milli-Q purification
system (Millipore, Bedford, MA, U.S.A.). All reagents were of analytical-reagent
grade and purchased from Merck (Darmstadt, F.R.G.). PTFE capillaries were
purchased from HABIA (Breda, The Netherlands) (I.D. 300 um). The lengths of the
capillaries were 15 and 20 cm for measuring streaming potentials and 48 cm for
measuring the electroosmotic flow by weight. The electrolyte solutions used consisted
of 0.01 M chloride buffers of several pH values (Table T). The viscosity of these buffers
was 0.001 kg/m - s, the dielectric constant 695 - 107!% F/m and the density 1000 kg/m3.
The specific conductances, x, of the buffers are also listed in Table 1.

RESULTS AND DISCUSSION

Streaming potential

For the measurement of the streaming potential, Fig. 4 shows the dependence of
the potential difference accross the capillary on the pressure drop. The electrolyte had
a pH of 6.0 (Table I). A linear relationship was found for the streaming potential, as
predicted by theory, with a regression coefficient of 0.99996. The corresponding
{-potential was calculated from these experiments. As can be seen, it is independent of
the AP introduced. From these values it was concluded that further experiments could
be performed with a 4P of 10° Pa to achieve the maximal response.

In Fig. 5 the variation of the {-potential with the pH of the electrolyte solution is
shown. The data are the averages of three experiments, performed with the electrolytes
givenin TableI. The general deviation of the data is indicated. As can be seen from Fig.
5, there is a strong dependence of {-potential on pH, resulting in a corresponding
change in electroosmotic velocity (eqn. 1). The direction of EOF changes at a pH of ca.
3.5. The values given correspond to those reported in the literature®:!3.
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Fig. 4. Streaming potential (measured values) ([J) and {-potential (calculated values) (©) versus applied
pressure drop. PTFE capillary, 15 cm x 300 um 1.D. Electrolyte, pH 6.0 (Table T).

During the experiments it was found that for new capillaries exposed to
electrolyte solutions, time is needed to obtain equilibrium. An example of such an
adaptation period is presented in Fig. 6, which shows the time dependence of the
{-potential measured with a I-min time interval. After exposure of a new PTFE
capillary to an electrolyte solution of pH 6.0 (Fig. 6, situation 1) a period of 20 min was
required to reach a stable value. The change from a solution of pH 3.0 to pH 4.8 (Fig. 6,
situation 2) required a period of nearly 120 min. Therefore, care should be taken when
changing the operational conditions.

Weighing
The weighing experiments were performed in the electrolyte system (pH 8.2)
listed in Table I.
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Fig. 5. {-Potential (calculated value) obtained from streaming potential measurements versus pH of the
electrolyte solution. PTFE capillary, 20 cm x 300 um 1.D. Electrolytes are listed in Table I.
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Fig. 6. Change of {-potential with time after change in electrolyte conditions. Situation 1 (solid line), pH 6.0
buffer and new capillary: situation 2 (broken line), change from pH 3.0 to pH 4.8 buffer. Buffers are listed in
Table 1. PTFE capillary, 20 cm x 300 gm LD.

Fig. 7A shows the dependence of the electroosmotic velocity on the voltage
applied over the capillary. Theory predicts an increase in flow with voltage. This is
certainly visible, although at high voltages a deviation arises towards higher velocities.
This can be explained by temperature effects. At high electric field strength an increase
in electrolyte temperature causes a decrease in viscosity, resulting in a higher
electroosmotic velocity (eqn. 1). In Fig. 7A it can be seen that at 6 kV the linear
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Fig. 7. (A) Electroosmotic velocity versus voltage applied, calculated from weighing experiments; (B)
{-potential, calculated from electroosmotic velocity versus voltage applied. PTFE capillary, 48 cm x 300 um
1.D. Electrolyte, pH 8.2 (Table I).
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relationship can be approached when sufficient time is used to allow the electrolyte to
cool (indicated by the arrow). The {-potentials calculated from the average electro-
osmotic velocities are shown in Fig. 7B. At voltages up to 4 kV the {-potential is
constant and approximates the values in the literature®!5, At higher potential
differences the observed (-potential is higher.

The deviation in the experiments performed at a given field strength is also
a result of temperature differences in the experiments. When an experiment is
performed at a high electric field strength, the current density increases (up to 30%)
with time because of heating effects. After such an experiment it took several hours to
regain the starting current density.

There is a difference between the value of —35 mV obtained with the streaming
potential method at pH 8.2 and the value of —45 mV resulting from the weighing
measurements. From Figs. 5 and 7 it can be seen, however, that an inaccuracy of ca.
5 mV in the data has to be accounted for. Also, it is difficult to compare these two
values because data on temperature inside the capillary and therefore its influence on
viscosity and mobilities are not known.

CONCLUSIONS

Data obtained with streaming potential measurements give better information
on the behaviour of the materials because temperature effects are hardly present.
However, more stable electrodes need to be made in order to measure the streaming
potential better than the present inaccuracy of 5 mV. The method of determination of
the EOF by weighing approaches the experimental conditions of electrophoresis and
electrochromatography. It opens up the possibility for a complete characterization of
the separation conditions, e.g., the capillary wall, solvent, surface-active components,
viscosity and temperature.

For the weighing experiments the calculated {-potentials are of minor interest,
because the EOF is directly accessible. This on-line measurement of EOF opens up
possibilities for regulation through a feedback to the power supply®?. An increase in
electroosmotic velocity is compensated for by means of a decrease in electric field
strength. On-line computer data acquisition is, of course, necessary in this instance.
The regulation of the electroosmotic flow is discussed elsewhere??.
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SUMMARY

Twenty-six drugs in solutions for intravenous injection were determined by
capillary isotachophoresis with only one calibration point for each component. The
maximum deviation of the labelled concentration was 2%. A new calibration constant
isintroduced, viz., the response factor (RF, dimensionless), which is independent of the
diameter of the capillary, the construction of the universal detector and the driving
current used during detection. It is shown that the RF can be used on different
equipment, using different currents during detection. It appears that the RF is usable
for routine analysis when a deviation of 5% is acceptable. Daily one-point
recalibration, however, improves this value to 1%.

INTRODUCTION

During the past 5 years, capillary isotachophoresis has been recognized as
a promising technique for the determination of biochemical substances in pharma-
ceutical preparations and biological matrices, with studies on ephedrine alkaloids!~¢,
isoquinoline alkaloids”®*°, sympathomimetics'®, amantadine and rimantactine!®,
codeine'?, local anaesthetics including procaine®!2-15, papaverine, morphine and
aminophenazone?, oral anaesthetics'®, nicotinic acid!”, minoxidil'#, amoxycillin and
carboxymethylcysteine'®, aminoglycoside and lincomycin?°, cephalosporin, berberin
and glycyrrhizin®! acetylsalicylate??, chincona alkaloids?32* and obidoxime25.

Capillary isotachophoresis (ITP) is considered to be a precise and accurate
method for the determination of these substances. In our view, however, capillary

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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isotachophoresis offers more advantages. Usually, when a calibation graph is
constructed, the zone length is plotted against the amount injected. This calibration
graph depends on the equipment and the current used. If, however, the zone length is
divided by the amount injected and multiplied by the driving current, a new variable is
created. This variable is independent of the diameter of the capillary, the construction
of the detector and the driving current used during detection. This variable, which is
called the response factor (RF), is dimensionless:

RE = ZL-1
lz| - - Q

where |z| is the charge of the ion [equiv./mol], ZL the zone length (s), I the driving
current (A), F the number of Faradays (coulombs/equiv.] and Q the amount injected
(mol). For each component the RF depends only on the concentration of the leading
electrolyte, which can be prepared very precisely?®. This implies that the RF is
a universal calibration constant, independent of the ITP instrument used for its
measurement. The RF is the reciprocal transference number and denotes the
sensitivity. The transference number equals the fraction of the driving current carried
by the ions migrating in the steady state.

To demonstrate the use of the RF, 26 drugs (23 cations and 3 anions) in solution
for intravenous injection were determined by capillary isotachophoresis. These
solutions often contain additives, such as sodium pyrosulphite, for preservation. For
each component the RF was determined by one injection of the pure component.
Further, the concentration of the drug in the solution was determined by injection of
the solution for intravenous injection. Qualitative parameters such as relative step
height and UV absorption were also measured for identification of the drugs.

To test the reproducibility of the RF, four components (acetate, phosphate,
benzoate and citrate) were determined on instruments with different capillary
diameters and different driving currents on the same equipment. Also, the day-to-day
variation and the variation when different analysts carried out the analyses were
determined. The four components were chosen because they are more stable than the
drugs.

EXPERIMENTAL

The isotachophoretic analyses were performed on equipment built by Everaerts
et al.*”. The separation compartment consisted of a PTFE capillary of 1.D. 0.2 or 0.4
mm and a length of ca. 25 cm. The direct, constant driving current was taken from
a modified high-voltage supply (Brandenburg, Thornton Heath, U.K.). The zones
were detected by measuring the electrical conductivity and the UV absorption at 254
nm.

The zone lengths and step heights on the electropherograms were measured with
an IBM-XT computer (IBM, Boca Raton, FL, U.S.A.), which was connected via an
ADC (Labmaster, Scientific Solutions, OH, U.S.A.) with the conductivity detector.
The program used was written in Turbo Pascal (Borland International, Scotts Valley,
CA, US.A)%,
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The reproducibility of the RF was tested by injection of four components
(acetate, phosphate, benzoate, and citrate) on equipment with different capillary
diameters and using different currents. These analyses were carried out on three
different days with leading electrolyte systems prepared freshly each day. On the third
day the analyses were also carried out by a second analyst. The electrolyte system used
is listed in Table I (system 1).

The currents used were 20 and 30 pA for the 0.2 mm I.D..capillary and 70 and 85
pA for the 0.4 mm LD. capillary. Fig. 1 shows an isotachopherogram of the
four-component mixture.

For the analyses of drugs anionic and cationic electrolyte systems were used, as
listed in Table I. The driving current was 30 A fof anions. For the cations it was 40 uA
during the first 6 min of the analysis and 30 yA during detection. Both analyses took
ca. 10 min.

The RF was calculated by injection of one standard solution containing 100 mg
per 100 ml of the pure component. For the quantitative measurement no internal
standard was used. The samples were injected with a 10-ul syringe (Hamilton,
Bonaduz, Switzerland) equipped with a fixed-volume accessory. The determinations
of both the pure component and the component in the solution were made in duplicate.
A difference in the two measurements of less than 1% was considered sufficiently
precise. If this difference was greater than 1% a third injection was made.

The relative step height (RSH) was calculated using the equation

hx — hy
RSH = ——
hlS - hL
where hy is the height of the step of the component, 4, is the height of the step of the
leading ion and A is the height of the step of the internal standard. The internal
standards used were chlorate (sodium chlorate, Merck, Darmstadt, F.R.G.) for anions

TABLE I
OPERATIONAL SYSTEMS USED FOR THE ISOTACHOPHORETIC EXPERIMENTS

MES = 2-(N-Morpholino)ethanesulphonic acid (Sigma, St. Louis, MO, U.S.A.); HEC = hydroxyethyl-
cellulose (Polysciences, Warrington, PA, U.S.A.); PVA = poly(vinyl alcohol) (Hoechst, Frankfurt,
F.R.G.); HIBA = hydroxyisobutyric acid (Fluka, Buchs, Switzerland). All other chemicals from Merck
(Darmstadt, F.R.G.). For system 3, see also ref. 29.

Parameter System

1 2 3
Leading ion Chloride Potassium Potassium
Concentration (M)  0.01 0.01 0.01
pH 6.0 5.0 4.2
Complex ion — — HIBA to pH 5.2
Counter ion Histidine Acetate Acetate to pH 4.2
Additive 0.2% HEC  0.05% Mowiol  0.05% Mowiol
Terminating ion MES H* H*

Concentration (M)  0.005 0.005 0.005
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?

Fig. 1. Isotachopherogram of the four-component mixture analysed in system 2 (Table ). L = Leading ion;
1 = citrate; 2 = acetate; 3 = phosphate; 4 = benzoate. T = Terminator; t = time; R = Resistance.

—

10 s

et

and sodium for cations. The linearity of the conductivity detector electronics was
tested by applying ten resistances in the range from 100 kQ to 1 MQ. The response of
the conductivity detector was plotted against the resistance. The correlation coefficient
of the regression line was 0.9999.

The UV absorption was expressed as a percentage of full absorption:

. H,
UV absorption = - 100%
Hiyo0%,

where H, is the height of the UV signal of the component and H oo, is the height of the
UV signal at 100% absorption.

RESULTS AND DISCUSSION

The reproducibility of the RF

Table 11 gives the results for the determination of acetate. The mean value and
standard deviation of five measurements are indicated by a line (mean value) and
a hatched box (standard deviation). The difference between the highest and the lowest
mean value is 0.053 or 3.0%. For the other components these values are in the same
range: 3.8% for phosphate, 3.5% for benzoate and 4.8% for citrate. It appears that the
RF is usable for routine analysis when a deviation of 5% is acceptable. Daily one-point
recalibration, however, improves this value to 1%.

Analysis of drugs for intravenous injection

Fig. 2 shows an isotachopherogram of codeine sulphate. Table III gives the
results for the determination of drugs in solution for intravenous injection. For each
component the following parameters are given: RF, the electrolyte system used, the
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TABLE II

MEAN VALUE (LINE) AND STANDARD DEVIATION (HATCHED BOX) (1 = 5) OF THE RF OF
ACETATE ON DIFFERENT DAYS, BY TWO ANALYSTS, USING DIFFERENT CURRENTS
AND CAPILLARY DIAMETERS

Electrolyte system 1 (Table I) was used. / = Current; ILD. = inner diameter.

RF

171 172 173 17 175 176 177 178 179 160

Analyst Day I (uA) [0

A 1 "o oz % // 77

A 1 30 02 ///////

A1 70 04 D /// //
A 1 85 04 W///////////////////////////

A 2 20 o2 //,,////

A 2 30 o2

A 2 70 0.4 7////

A 2 85 04 77737272
A 3 20 o2 V7

A 3 30 o2 v

A 3 70 o4 77

A 3 82 o4 O /////Ié//é/// ///////////

B 3 2 02

B 3 30 02 27

B 3 70 04 777
B 3 85 04 V7

concentration determined (Cpg), the labelled concentration (Cy,), the deviation,
calculated using the equation

CDE - C'LA

Deviation = - 100%
Cra
R
H — -t ?
10 s

Fig. 2. Isotachopherogram of codeine sulphate analysed in system 1 (Table 1). L = Leadingion; | = sodium
(internal standard for qualitative analysis); 2 = Tris (not used); 3 = codeine. T = Terminator; f = time;
R = Resistance.



110 M. M. GLADDINES ¢¢ al.

TABLE Il

RESULTS OF DETERMINATION OF DRUGS IN SOLUTION FOR INTRAVENOUS INJECTION

System numbers according to Table 1. For definitions of deviation, RSH and UV absorption, see text.

Component RF System Cpi Cra Deviation  RSH uv
(mg/ml) (mgiml) (%) absorption
(%)
Isoniazide 3.8 2 100.1 100.0 0.1 10.7 44
Neostigmine methylsulphate 2.6 2 0.49 0.50 -20 4 8
Suxamethonium chioride 4.0 2 50.4 50.0 0.8 1.5 0
Isoprenaline sulphate 59 2 0.98 1.0 -2.0 5.2 7
Lidocaine hydrochloride 2.8 2 10.0 10.0 0.0 4.9 8
Codeine sulphate 2.8 2 299 30.0 -03 5 25
Gallamine triethiodide 5.4 2 20.4 20.0 2.0 1.7 0
Levarterenol tartrate 24 2 2.0 2.0 0.0 34 8
Atropine sulphate 5.7 2 0.25 0.25 0.0 5.2 3
Apomorphine hydrochloride 2.4 2 49 5.0 -2.0 47 79
Quinine gluconate 2.8 2 80.4 80.0 0.5 43 7
Adrenaline tartrate 2.6 2 1.9 1.8 5.5 4.5 8
Scopolamine hydrobromide 3.1 2 0.25 0.25 0.0 4.8 4
Chlorpromazine hydrochloride 2.4 2 5.7 5.6 1.8 4.5 93
Promethazine hydrochloride 29 2 24.5 25.0 -20 49 92
Imipramine hydrochloride 29 2 12.5 12.5 0.0 5.2 80
Procaine hydrochloride 2.8 2 19.6 20.0 -20 5.2 55
Thiamine hydrochloride 3.5 2 24.8 25.0 —0.8 3.4 86
Tetracaine hydrochloride 3.0 2 9.9 10.0 —-1.0 6.1 25
Fysostigmine salicylate 2.8 2 0.98 1.0 -2.0 S.1 79
Promazine hydrochloride 2.8 2 24.6 25.0 —-1.6 4.7 92
Fluorescein 2.5 1 199.8 200.0 —0.1 11.8 91
Ascorbate 2.0 1 101.1 100.0 1.1 - 86
Citrate 2.2 1 32.5 323 0.6 2.7 0
Magnesium sulphate 5.0 3 149.0 150.0 -0.7 - 0
Calcium chloride 5.8 3 37.1 36.8 1.0 1.2 0

the RSH and the UV absorption. It can be seen that the quantitative deviation is 2% or
less, with one exception (adrenaline tartrate, 5.5%). In view of the accuracy and
precision of the RF, only the adrenaline tartrate concentration differs significantly
from the labelled concentration.

It must be stressed that one-point calibration can only be used when the zones
are sufficiently large. To determine the minimum zone length for which the RF may be
used, several amounts of the four-component test mixture were analysed. Fig. 3 shows
the calibration graph for acetate. On the ordinate the factor (ZL - I)/F is plotted, so
that the slope of the calibration line represents the RF. This slope amounts to 1.72
(regression coefficient 0.9999).

In Table IV the RFs are given for each amount injected (one-point calibration).
A systematic deviation of the RF from the true value is encountered only with a 2.3-s
zone length, an effect associated with differences in the front and rear zone boundary
profiles*®. The other components show similar deviations with zone lengths of 2.1 s for
phosphate and 2.9 s for benzoic acid and citrate. The minimum zone length for which
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Fig. 3. Calibration graph for acetate. The slope represents RF. Slope = 1.72; intercept on ordinate = 0.0095
(nmol); r = 0.9999.

TABLE IV

RF OF ACETATE, MEASURED IN SYSTEM | (TABLE I), FOR DIFFERENT AMOUNTS
INJECTED

Amount  Zone length RF

(nmol) (s)

312 26 1.73
1.57 13.1 1.73
1.04 85 1.70
0.78 6.5 1.73
0.63 53 1.75
0.52 44 1.74
0.45 3.7 1.71
0.39 33 1.74
0.35 29 1.71
0.26 23 1.84

the RF can be used, in a one-point calibration, is approximately 3 s if a 20-pA driving
current is applied (ca. | mm in a 0.2-mm LD. capillary).

CONCLUSIONS

It has been shown that capillary I'TP is suitable for the determination of drugs in
solution for intravenous injection. For the quantitative quality control of these
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components the use of only one calibration point yields a maximum deviation of 2%.
For each component a new calibration constant, the response factor (RF), is
determined, which is independent of the diameter of the capillary, the construction of
the universal detector and the current used during detection. The RF is an universal
calibration constant, which is sufficiently accurate for routine analysis.
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SUMMARY

On the basis of experimental experiences, a simple mathematical model of 1:1
cyclodextrin-solute complex formation is proposed. A possible role of two limiting
cyclodextrin-solute interactions, introduced as effective and non-effective complex
formation, on the quality of isotachophoretic resolution has been studied and is
discussed. Additional parameters, e.g., the solute molecular weight, its effective charge
and the molecular weight of the cyclodextrin used, are involved in the proposed model.
Their influence on the isotachophoretic separation was estimated by comparing the
computer simulated mobility ratio curves of cyclodextrin-complexed solutes obtained
at various values of the corresponding parameters.

INTRODUCTION

The optimization of the electrolyte system for the resolution of given solutes
involves in general the influence of many physical-chemical and operational param-
eters'. As follows from the theory of isotachophoresis (ITP), a maximum resolution
for a given solute pair is obtained in the electrolyte system ensuring the maximum
(minimum) solute effective mobility ratio in the mixed zone. According to definition,
the effective mobility, U, of a migrating ion is determined predominantly by its
molecular weight, M, and effective charge, Z. Using relevant correlative equations?~*
expressing the direct proportionality between U and Z/(M)R where 0<R <1, an
effective mobility ratio can be expressed as a function of M and Z. This is useful
especially for the description of the resolution changes in electrolyte systems
containing a complex-forming discriminator where the solute molecular weights and
effective charges are selectively altered by complexation.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Several theoretical studies dealing with inclusion complex formation in ITP have
been published®~". Proposed theories of complex formation and derived mathematical
equations were successfuly utilized for the evaluation of important physical-chemical
constants of complexed solutes such as effective mobilities and stability constants. The
aim of this paper is to present a relatively simple mathematical model of the
cyclodextrin (CD) supported separation of structurally related solute pairs and
isomers under ITP conditions. The whole concept originates in the description of the
changes in solute molecular weights and the effective charges caused by the complex
formation with CD. Using the mentioned correlative equations, corresponding
changes in the mixed zone solute mobilities were derived. Final considerations about
the resolution are based on a computer simulation of the mobility ratio of
CD-complexed solutes in the mixed zone.

THEORETICAL

The ITP separation of model solutes is outlined schematically in Fig. 1. The
compounds I, IIT (I1, IT]) represent pairs of structurally related solutes with identical
fundamental molecular skeletons differing only in the variable substituents A, B. The
charge of the groups G is supposed to be identical. Compounds I and IT form pairs of
structural isomers (positional isomers or enantiomers) with equal molecular weights
and identical G-group charge. Each solute is proposed to have two binding sites
available for the complexation with CD. The binding site N is relatively distant and
isolated from the central framework C, which represents the area of structural
differentiation of the solutes. The CD molecule bonded at N is not able to interact
effectively with substituents G, A (B) and alter the effective charge of the solute. The
stability of the CD complexes formed is the same for all three solutes, irrespective of
the structural and geometrical changes in the central framework C. Such a type of
complex formation can be considered as non-effective. The second CD binding site E is
closely connected with the central framework C. The CD bonded at E is able to interact
with substituents A (B) and alter the effective charge of group G. The stabilities of the
CD complexes formed depend on the type and/or geometrical orientation of the

Fig. 1. Schematical outline of the model solutes studied. | = Enantiomers (positional isomers);
2 = structurally related compounds differing in substituents A and B; G = charged group; E = effective
CD-binding site; N = non-effective CD-binding site; C = central framework of the molecule.
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substituents; the differences in the stability constants may result in G-group effective
charge differentiation. This type of structurally dependent complex formation may be
considered as effective.

A possible role of the effective and non-effective CD-complex formation in ITP
separation has been studied theoretically, using eqn. 1 as an initial correlation
introduced according to Fujishita et al.*

z
U=a+b~% (1)

where Z is the effective charge, M the solute molecular weight, U the effective mobility
in the mixed zone and q, b are empirical coefficients.

Certain simplifications and limitations resulting from the proposed scheme of
CD-complex formation and eqn. 1 must be taken into account. Sufficient linearity of
eqn. | is expected in the range of solute M/| Z| values from about 50 to 150 daltons. The
extension of the validity of eqn. 1, as well as all considerations and conclusions based
on its utilization, to higher and lower M/|Z| values is rather unsafe. Assumed
invariability of coefficients a, b for both complexed and uncomplexed solutes, as
a necessary condition for further calculations, leads to ignoring all ionic interactions
and hydration envelope changes influencing the quality of ITP separation. The
proposed simplified scheme of complexation supposes attachment of only a single CD
molecule either to the site N or E of the solute. Polymolecular inclusion complex
formation is not considered.

Non-effective complex formation

Assumptions: Mx < My"(X = land Y = III for the pair of structurally related
solutes, X = I'and Y = II for the pair of positional isomers or enantiomers), |Zx|
= |Zy| = Z. The degree of CD-complex association, «, in the mixed zone is the same
for all solutes (0 < a < 1). Using eqn. 1, the mixed zone mobilities of uncomplexed
ions can be expressed as:

Ux
Uy

i

a+ bZ/My

Likewise the effective mobilities of non-effectively complexed solutes can be expressed
as

(Ux)e = a + bZ|Mx 3)
(Uy)c a + bZ/My

]

where Mx = My + aMcpand My = My + aMcp (Mcp = relative molecular weight
of CD used). Combining eqns. 2 and 3 we obtain:

* There is no need to process My > My separately because it leads to the same conclusions.
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B M bZ

(Ux)e = Ux + bZ/(l + « Mx> My Mo
C))

Mcp bZ

Uy = Uy + bZ/| 1 : My — —

(Uy)e y + /( + My> Y M,

From eqn. 4 it follows directly that (U)c < U for each o from the interval [0;1]. This
means that non-effective complex formation may result in solute retardation only.
Eqn. 4 can be utilized for the estimation of the interval for which expression 5 is

vahd.
Ux> Ux
— > = 5
(2). > 2 )
Combining eqns. 4 and 5 we obtain:

M,
Ux+bZ/<1+oc']MCD>Mx—‘b—Z_
= > = (6)

U bZ 1 :
y + /< + o My

It can be proved mathematically that inequality 6 is regular only for negative,
physically unreal o values. This means in practice that non-effective complex
formation of structurally related solutes leads to a decrease in mobility ratio of
separated solutes which is reflected in the deterioration of the separation quality.

The influence of changing « and Mcp values is illustrated in Fig. 2. The initial
rapid decrease in the function (Ux/Uy)c = f(a) at lower « changes to a plateau for
o values converging to one. Comparing curves 1, 2, it should be noted that the influence
of the CD molecular weight on the decrease in the mobility ratio is only marginal,
owing to the limiting range of M values for available CD types.

Non-effective CD~-complex formation.

0 1
—_

Fig. 2. Effect of the CD relative molecular weight, Mcp, on the decrease in the mobility ratio of
non-effectively complexed solutes. Mx = 150, My = 200, Z = 0.5, a = 69.85, b = 1588; M, = 1430
[corresponds to heptakis (2,3,6-tri-O-methyl)-f-cyclodextrin] (1) or 972.9 [corresponds to a-cyclodextrin] (2)
Estimates for coefficients a, b were obtained according to ref. 4.
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For a pair of geometrical isomers with equal molecular weights and effective
charges, we obtain from eqn. 6:

U (Ux\ _
o (@) ™

It is obvious that a non-effective complex formation cannot contribute to the
resolution of geometrical isomers in any way.

Effective complex formation

For the mixed zone mobilities of effectively complexed solutes, where the
average effective charge and relative molecular weight of separated solutes depend on
the selective complex formation (xx # ay), it follows that

(Ux)c = a + b |Zx|/My (8)
(Uy)e = a + b |Zy|/My

where Mx = Mx + aXMCD, MY = MY + OCyMCD, ZX = Z + O(xAZ and ZY
= Z + ayd4Z. The AZ value, defined as the difference between the effective charge of

an uncomplexed and fully complexed solute, may be positive or negative and is
supposed to be equal for all solutes studied. Combining eqns. 2 and 8 we obtain:

AZ .MCD b |Z|
ZD/M"<1 o Mx> My

4z Mcp b |Z|
- Myl 1 . -
) (1o ) -

Using eqn. 9 it can be mathematically proved that (U)c > U only for Mcp < Mxy)

(Ux)c

I

Ux+b|Z|<l+OCx

©®

(Uy)c Uy + b IZI (l + dy

Yiy4 . .. . . .
—Z—' This condition cannot be satisfied for experimentally possible Mcp, Mxy), 4AZ

and Z values. Therefore it may be concluded that the effective complex formation leads
to a solute retardation only.

Two different cases must be distinguished when the role of effective CD-complex
formation is discussed. For Ux > Uy and ay > ax the condition for improvement in
the CD-based separation can be obtained by substituting eqn. 9 into eqn. 5:

MY+M I_MCDE 1+aY.MCD

oy S a_ My |AZ] . My (10)
ox My + M [ — Mcep £ 1+ aX.MCD
a My A7 MX
L 1L | | |

A B C
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Effective CD-complex formation

)]

My~ 150  My=200 M, =200 M,=150

W F
0 1 0
My=190 My =200 M=200 M, =190
%y

Fig. 3. Effect an increase in the solute molecular weight differences on the possibility of CD-based separation
improvement. (A) Ux > Uy, ay > ox; oy = Kox where K = 1.0 (1), 1.5(2), 2.0 (3), 2.5 (4) and 3.0 (5). (B)
Ux < Uy, oy > ax, oy = Kax where K = 1.0 (1), 2.0(2), 3.0 (3), 4.0 (4) and 5.0 (5). In all cases: Z = 0.5,
Mep = 1135, a = 69.85 and b = 1588.

It follows from eqn. 10 that a resolution improvement is expected for ay/ex > 4B. The
additional requirement on the increase in ay/ax results from the existence of the
a-dependent term C. From the computer simulated mobility ratio curves illustrated in
Fig. 3A, it should be noted that the effect of an increase in solute molecular weight,
caused by CD-complex formation, results in a lowering of the ratio (Ux/Uy)c at higher
ax, oy values and leads to a re-deterioration of the resolution. This effect must be
compensated by an increase in the ratio oy/ox in order to preserve the separation
improvement.

Comparing eqn. 10 with Fig. 3A it is possible to estimate the influence of the
parameters involved. The most significant is undoubtedly the effect of the solute
molecular weight and the effective charge. The requirement of ax, oy having different
behaviours, necessary for the achievement of a separation improvement, grows rapidly
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with increasing ratio My/My and decreasing | Z| value. The infliience of Mepand AZ is
not so significant.

For Ux < Uyand oy > ax a general condition for a separation improvement is:
(I

This criterion is, of course, much more demanding than the previous one mentioned
for Ux > Uy and ay > ox. Comparing the computer simulated dependences of
(Ux/Uy)c on ax values for given solute characteristics (Fig 3B), it can be estimated that
the ratio ay/ ax increases very quickly with increasing ratio Mx/My. Therefore it is
almost impossible to achieve an improved CD-based resolution for higher solute
molecular weight differences.

Effective CD-complex formation

5

101y /\h 1l e _Q\%b%
o T 2 %—H—%E
1 1 1 MS:
=Ket 1: K=1.0 =M = =
RyTKLy 2: K=1.5 =My Mg 1: 200
3: K=2.0 2: 150
4: K=2.5 3: 100
5: K=3.0 4: SO
0 1 0
2=0.5,Myp=1135 220.5, M, =1135
=M= =1,5 &
M =M, =150 oy X

{
/
W:,/

I.ON/ \a\_ﬂx 1.01F
[T — - za
14 3 7 o 2
I 1: 2=0.5 ! ( ‘
2: 7=1.0 Tr Mgpr4se
3:2=1.5 2: M _=972.9
4: 1=2.0 cp 72"
0 0
MCD=‘I135,MX=MI=15CI z=0‘.|5;M0)é=MY=150
= K=,
oLy 1.5 OCX Y X

X

Fig. 4. Effect of changing ratio ay/oy (A), effective charge, Z (B), solute molecular weight, M (C), and CD

molecular weight, Mcp (D), on the quality of CD-based separation improvement.




120 I. JELINEK et al.

The criterion for the CD-based separation improvement of structural isomers
(Mx =My = M), which is most important from the analytical point of view, 1s:

Ux
— #1 (12)
(UY>C
Combining eqns. 9 and 12 it follows that:
ayfox # 1 (13)

It is obvious that there is no additional requirement on the ratio ay/ox resulting from
the existence of an area of deteriorated resolution.

The influence of changing parameters characterizing separated solutes, com-
plex-forming CD and the selectivity of complex formation can be simply estimated by
a computer simulation of (Ux/Uy)c = f(ax) for various ay, Ms, Z, AZ and Mcp values.
From Fig. 4A it follows directly that higher selectivity of complex formation,
characterized by increasing ratio ay/ax, leads to an apparent increase in the maximum
(Ux/Uy)c value and to a separation improvement. It should be noted that the (Ux/Uy)c
maximum shifts towards lower ax values. The same separation improvement can be
observed by increasing the absolute value of the solute effective charge, but the
position of the maximum shifts slightly towards higher ax values (Fig. 4B). An increase
in the solute molecular weights results on the contrary in a lowering of the
CD-separation supporting effect and a decrease in the maximum mobility ratio value
(Fig. 4C). A significant shift of the maximum towards higher ax was observed. The
influence of changing My, (Fig. 4D) and especially 4Z is only marginal, owing to their
limited numerical range.

CONCLUSIONS

The experiences with CD-modifted electrolyte systems in ITP confirmed that the
concept of effective and non-effective complex formation has meaning in the strategy
of optimization of experimental conditions. In practice, unfortunately, the case of
non-effective complex formation, connected with a loss in resolution, is not so rare®®.
Therefore it is highly important to compare the analytical results obtained in
non-modified and CD-modified electrolyte systems, in order to exclude a possible
disappearence of the resolution caused by non-effective complex formation.

The most important way of altering insufficient complex formation for a given
solute pair is the replacement of one CD type which does not provide sufficient
resolution by another one, the parameters of which are more suitable for a structural
differentiation® '3, The set of CDs and their derivatives commercially available is
sufficient for this purpose and makes it possible to achieve effectivity of CD-complex
formation for a wide range of solutes.

Another factor altering significantly the effectivity of the CD-complex for-
mation is the choice of suitable counter ion. As was suggested experimentally,
competitive CD-complex formation with a “structurally suitable” counter ion
decreases the degree of solute—~CD complexation, distorts the resolution or even makes
it impossible®. Therefore the use of weakly complexing counter ions is recommended.
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The proposed model of effective complex formation indicates that the function
(Ux/Uy)c = f(ax) passes through a maximum. The character of this maximum depends
on the parameters characterizing the solutes, the CD and the selectivity of the
complexation. From computer simulated dependences, the maximum became flat and
non-significant for similar « values, high solute molecular weights and low effective
charges. This conclusion is in harmony with the generally known fact that the
separation efficiency improves with increasing solute-pseudophase velocity dif-
ferences and increasing structure-differentiating ability of the pseudophase'*. As was
shown for structurally related solutes with different molecular weights, the maximum
completely disappears even for considerable ay, ay differences and an improvement in
separation was not achieved.

Due to a dependence of the a value on the concentration of CD in the mixed zone
for a given CD stability constant, there must be an optimum CD concentration, where
the separation improvement is maximal. This conclusion, which indicates that the
concentration of CD in the leading electrolyte is an important optimization parameter,
was confirmed experimentally and shown to be decisive especially for the resolution of
enantiomers®!2:13,

The possibility of predicting the optimum CD concentration for a given solute
pair is interesting both from the theoretical point of view and for practical analytical
purposes. The main problem of such a calculation results from the lack of data
characterizing the stability of the CD complexes formed, necessary for the trans-
formation of the values obtained into the mixed-zone CD concentrations. The
mixed-zone CD concentration is equal to the initial analytical concentration of CD in
the leading electrolyte because of the typical non-electrolyte behaviour of CD, the
concentration of which is the same throughout the separation compartment and does
not depend on the electrophoretic mass-distribution process.
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HOST-GUEST COMPLEXATION IN CAPILLARY ISOTACHOPHORESIS
11 DETERMINATION OF AMINOPHENOL AND DIAMINOBENZENE

ISOMERS IN PERMANENT HAIR COLORANTS BY USING CAPILLARY
ISOTACHOPHORESIS

SALVATORE FANALI

Istituto di Cromatografia del CNR, Area della Ricerca di Roma, C.P. | 0,00016 Monterotondo Stazione, Rome
(Italy)

SUMMARY

The separation of 2-, 3- and 4-aminophenol and 1,2-, 1,3- and 1,4-diamino-
benzene is studied by using capillary isotachophoresis. In order to obtain complete
resolution of the six cations f-cyclodextrin was used. The analytical method was used
for the determination of aminophenol and diaminobenzene isomers in permanent hair
colorant creams.

INTRODUCTION

Oxidative hair colorants are permanent hair colourings usually used by mixing
the dye precursor and hydrogen peroxide in an alkaline medium (ammonia and/or
monoethanolamine). Hydrogen peroxide reacts with a primary intermediate (e.g.,
1,4-diaminobenzene, 4-aminophenol) to produce an imine, which in its turn reacts
rapidly with a coupler (e.g., 3-aminophenol, resorcinol) to produce the dye.

Allergic dermatitis due to 1,4-diaminobenzene and nefrotoxic effects due to 2-,
3-, 4-aminophenol have been reported!-2. The content and the tolerated concentra-
tions of the chemical compounds in permanent hair colorants are listed in the Italian
normative law No. 713, October 11th, 1986, in accord with European Economic
Community (EEC) instruction No. 87/137.

Methods used so far for the determination of aminophenols and/or diamino-
benzenes in hair colorants and other matrices are-8 gas-liquid, thin-layer (TLC) and
high-performance liquid chromatography, titrimetry and spctrophotometry. The
technique recommended by the Ttalian Gazette is TLC®.

As capillary isotachophoresis is a promising method in pharmaceutical anal-
19712 we decided to apply it to the analysis of cosmetics.
1,2-,1,3- and 1,4-diaminobenzene and 2-, 3- and 4-aminophenol were complete-

ysis

“ For Part I, see ref. 13.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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ly resolved by adding S-Cyclodextrin to the leading electrolyte. Samples were injected
directly after dissolution and analysed with good results.

EXPERIMENTAL

Chemicals

Ethanol (95°), potassium hydroxide, acetic acid and 1,3-diaminobenzene
dihydrochloride (m-BDA) were obtained from Carlo Erba (Milan, Italy), 2- pyridine-
carboxylic acid (picolinic acid), 1,4- dlammobenzene (p-BDA), 2- (0-AP), 3- (m-AP)
and 4-aminophenol (p-AP), a-cyclodextrin (oc +CD) and vitamin C from Fluka (Buchs,
Switzerland), poly(viny! alcohol) 28/20 (PVA) from Serva (Heidelberg, F.R.G.),
tetrahydrofuran and 1,2-diaminobenzene (o-BDA) from Merck (Darmstadt, F.R.G.)
and f-cyclodextrin (8-CD) from Sigma (St. Louis, MO, U.S.A.). Samples of
permanent hair colorants (designated A, B, C and D) were purchased from retail
stores. Doubly distilled water was used to prepare the solutions.

All chemicals were of analytical-reagent grade and used as received, except for
PVA, which was purified with a mixed-bed ion exchanger.

Apparatus

Experiments were performed by using a Tachophor 2127 apparatus (LKB,
Bromma, Sweden) equipped with a conductivity detector. A polytetrafluoroethylene
(PTFE) capillary tube (24 cm x 0.5 mm 1.D.) was used. The detector cell was
laboratory made as described previously?; the distance between the platinum sensing
electrodes was 0.5 mm. The resistance and its derivative were recorded with an LKB
2210 line recorder at a chart speed of 50 mm/min.

The driving current used was 200 uA, reduced during the isotachophoresis. The
zones were detected at 25 A, unless specified otherwise. Samples and standards were
injected with a 10-ul Hamilton (Bonaduz, Switzerland) microsyringe.

Electrolytes

Potassium hydroxide (10 mM adjusted to pH 5.4 with picolinic acid and acetic
acid (5 mM) were used as the leading and terminating electrolytes, respectively. The
leading electrolyte contained 0.4% (w/v) of PVA and the appropriate amount of «- and
p-CD.

Preparation of standard solutions and samples

Standard solutions were prepared by dissolving the appropriate amount of
aminophenol and diaminobenzene isomers in water containing 1 mg/ml of vitamin C.
Calibration graphs were obtained with a mixture of p-BDA, p-AP and o0-AP and
1 mg/ml of vitamin C. The final concentration of each standard was | - 1073 M. The
solutions were stored in a refrigerator until their use.

Hair dyes were dissolved in water—ethanol-tetrahydrofuran (10:80:10, v/v/v)
containing 1 mg/ml of vitamin C.

RESULTS AND DISCUSSION

In order to find the optimum conditions for the separation of aminophenol and
diaminobenzene isomers, several electrolyte systems were tested. The cationic



HOST-GUEST COMPLEXATION IN CAPILLARY ITP. Il. 125

electrolyte system recommended by Jokl et al.'* with H as terminator with a very low
mobility allowed the analysis of m-AP, which otherwise is difficult. Under these
conditions, 0-BDA and o-AP were not separated from each other and it was therefore
necessary to modify their effective mobilities. The use of uncharged complexing
agents, e.g., cyclodextrins is well known in capillary isotachophoresis for the
separation of structural isomers, e.g., benzoic acid derivatives'®!> and aromatic
quaternary ammonium ions'¢. In order to find the optimum separation conditions,
different amounts of a- and f-cyclodextrins were added to the leading electrolyte and
their effect was observed.

Fig. la and b show the relationship between the amount of «- and -CD,
respectively, added to the leading electrolyte and the RSH values of six aminophenol
and diaminobenzene isomers, where RSH is the relative step height calculated using
the equation

hy — hy
S L 1
RSH =t (1)

RSH RSH
1.00 1.00

m-AP
080 —/""— |
o-AP

b
o-AP , : 0-BDA
05o~s;;;$$ﬁ”'k——‘ °-BDA _//////)f—_r———
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Fig. I. Effect of the amount of cyclodextrins added to the leading electrolyte on the RSH values of 2-, 3- and
4-aminopheno! (o-, m- and p-AP) and 1,2-, 1,3- and 1,4-diaminobenzene (0-, m- and p-BDA). (a)
a-Cyclodextrin; (b) B-cyclodextrin.
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where Ay, L and A are the step heights of the examined, leading and reference (H*)
cations, respectively.

By adding «-CD to the leading electrolyte, a reduction in effective mobility was
achieved for all compounds, but an increase in the amount of a-CD did not result in
resolution. The effective mobilities of the six examined compounds were reduced more
effectively by using f-CD than a-CD. In fact, by increasing the amount of 8-CD in the
leading electrolyte all the RSHs increased and complete resolution was achieved with
15 mM p-CD.

Fig. 2a and b show the separation of 0-, m- and p-aminophenols and o-, m- and
p-diaminobenzenes without and with cyclodextrin, respectively. To verify the validity
of the method, four hair colorant creams were examined. Qualitative analysis was
performed by measuring the RSH and by injecting samples and standards together.
Calibration graphs were drawn for p-BDA, o-AP and p-AP present in the samples. The
lengths of the steps were plotted against concentration and the linearity was observed
from 1 - 107% to 15 - 10~? mol. The correlation coefficients were 0.9999, 0.9999 and
0.9997 for p-BDA, p-AP and 0-AP, respectively. Relative standard deviations were
obtained by injecting 7 ul of the standard solution (six measurements) and good results
were achieved (0.6, 0.2 and 0.4%, respectively).

The recovery was determined by adding more of the analytes present in the
samples and the results are presented in Table I. Fig. 3 shows the isotachopherogram of

vV ~f W
R
t r

(X

l

[oR

Ethanolamine

T T T 1 T

11 12 17 18 19 min
Fig.3. Isorachopherogram of the analysis of a commercial hair colorant (D, Table I). Amount injected, 8 l;
detection current, 25 uA.
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one sample. The presence of ammonia and/or ethanolamine under these conditions
does not interfere with the determinations.

From the results it can be concluded that capillary isotachophoresis is a rapid
method for the qualitative analysis of aminophenol and diaminobenzene isomers
present in cosmetics. The method can be used for routine control in order to reveal
compounds that should not be included in the composition of the cosmetics, e.g.,
1,2-BDA?, and to check if the allowed chemicals are or not in accord with the statutory
requirements. Analysis can be performed without pre-treatment in spite of the
complexity of the matrix.

Further studies will be made in order to determine other components, e.g.,
derivatives such as aminotoluene, that could be present in hair colorants.
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UTILITY OF COPPER-CONTAINING ELECTROLYTES FOR ISOTACHO-
PHORESIS OF AMINO ACIDS

FREDERICK S. STOVER
Central Research Laboratories, Monsanto Co., 800 N. Lindbergh Blvd., St. Louis, MO 63167 (U.S.A.)

SUMMARY

Isotachophoretic separation of free amino acids using Cu? *—diethylene triamine
(Den) in high-pH leading electrolytes is investigated. Large changes in relative step
heights of free amino acids are seen. Mobility order depends on both Cu?*
concentration and Cu?*/Den ratios. Mobility differences seen with CuDen addition
can be ascribed to both polyvalent counterion effects and specific interactions forming
tertiary complexes. These electrolytes offer a new dimension for mobility variation of
complexing amino acids and peptides.

INTRODUCTION

A major drawback to the isotachophoresis (ITP) of free amino acids is that the
separations are essentially one dimensional. Leading electrolytes with pH values from
8.6 to 9.6 generally are employed to impart anionic mobilities to neutral amino acids
sufficient for isotachophoretic migration'. The useable pH range is restricted by
decreased ionization at lower pH values and by OH ~-migration at higher pH values.
Thus, the usual practice of altering effective mobilities by changing leading electrolyte
pH is limited for mixtures of amino acids. Also, using pH 8.6-9.6 electrolytes, several
pairs of amino acids often form mixed zones (e.g. Asp~Glu, Ser-Thr, Tyr-Met and
Val-Trp). Hirokawa et al.? recently evaluated the separability of 26 amino acids under
typical electrolyte conditions, and noted the frequent occurrence of mixed zones.

A second, widely used method of obtaining improved ionic mobility differences
is addition of complexing agents to samples or leading electrolytes®>. Everaerts et al.*
added Cu** to amino acid samples in an effort to obtain separation of the cationic
complexes. Except for histidine, copper-amino acid complexes were not sufficiently
stable to be detected as cationic species in a pH 5.4 clectrolyte. A more successful
approach involved addition of propionaldehyde to an anionic pH 7.5 electrolyte®.
Schiff base formation between amino acid and aldehyde resulted in lower amino group
pK. values. While some improved separations were obtained, many amino acid pairs
remained unresolved.

Recently, “pre-capillary” derivatization of free amino acids with dinitrophenol’
and citraconic anhydride® has been reported. Advantages of these approaches include
the ability to operate at lower pH values and use of specific detectors.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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We report here investigations of anionic amino acid ITP utilizing labile
equilibria between copper complexes in the leading electrolyte and free amino acids.
Such systems offer totally aqueous electrolytes, no derivatization step and the
possibility of tailoring separations by altering the distribution of counterions in the
leading electrolyte.

EXPERIMENTAL

ITP was performed using an LKB (Bromma, Sweden) 2127 Tachophor with
a 200 mm x 0.8 mm PTFE capillary and an LKB 2127-140 conductivity detector.
Separation currents were 250 uA and detection currents were 100 uA. Leading and
terminating reservoirs were refilled with electrolytes after every two to three runs. HCI
(Ultrex® grade) was obtained from J.T. Baker (Phillipsburg, NJ, U.S.A.); CuCl, (Gold
Label® grade), 95% diethylene triamine (Den), and hydroxypropyl methylcellulose
(HPMC) were obtained from Aldrich (Milwaukee, WI, U.S.A.); L-histidine (His),
L-alanine (Ala), glycine (Gly), L-glutamic acid (Glu), L-aspartic acid (Asp), L-phe-
nylalanine (Phe), L-valine (Val), f-alanine (Bala) and 2-amino-2-methyl-1,3-pro-
panediol (ammediol) were obtained from Sigma (St. Louis, MO, US.A); 2.5
M NaOH and Ba(OH), were obtained from Fisher Scientific (Pittsburgh, PA, U.S.A)).
All chemicals were reagent grade unless otherwise specified and used as received.

RESULTS AND DISCUSSION

The use of Cu?* complexation in high-pH electrolytes to alter amino acid
mobilities is complicated by the hydrolysis of Cu(aquo)®**. We recently measured
formation constants for tertiary complexes of Cu?* with N-methyliminodiacetic acid
(MIDA) and various amino acid analogues®. It was found that the formation constant
for the reaction

Cu(MIDA) + AA — Cu(MIDA)AA (1)

generally is within an order of magnitude of the constant for complexation with the
bare metal ion

Cu + AA - CuAA @)

where AA is an amino acid or derivative and charges have been omitted for clarity.
These results indicated that the use of copper complexes in leading electrolytes could
maintain solubility while providing a site for amino acid complexation. This is often
the case when using complexing metal counterions. For example, the HCl-ZnCl,-His
leading electolyte used in phosphonate analysis® probably contains Zn(His), as the
complexing counterion. Similar tertiary equilibria have been used successfully for the
separation of amino acid enantiomers by liquid chromatography® and capillary zone
electrophoresis®?.

There are several criteria to consider when selecting a secondary ligand, X, for
use in an ITP electrolyte where the equilibrium

CuX + AA = Cu(AA)X 3)
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TABLE 1
OPERATING SYSTEMS
Additive to leading electrolytes: 0.2% HPMC.

Leader (all pH 9.0) Terminator

No.  Composition No.  Composition

L1 10 mM HCl + ammediol Ti 10 mM B-alanine adjusted to pH 9.0 with
Ba(OH),

L2 10 mM HCl + Den T2 10 mM r-histidine adjusted to pH 9.0 with
Ba(OH),

L3 5mM Cu(Cl); + 5 mM Den + NaOH
L4 5 mM Cu(Cl); + Den

L5 3 mM Cu(Cl); + 4 mM HCl + Den
L6 I mM Cu(Cl); + 8 mM HCl + Den

governs the effective mobility. (1) The complex CuX must have a high enough stability
to prevent hydroxide formation at pH 9. (2) Since copper must act as a counterion in
the anionic electrolyte, the complex CuX should have a net positive or zero charge. (3)
Since the strongest coordinating sites on copper occupy square-planar positions!?,
X should be no more than tridentate to allow strong amino acid interaction with CuX.
(4) To maximize the amount of CuX available for AA binding, X should preferentially
form 1:1 over 1:2 complexes. This also will minimize Cu(OH), precipitation if
equimolar Cu-X concentrations are employed. (5) Formation of an acidic or basic
complex, CuHX or Cu(OH)X, with a pK, of 8.5-9.5 would eliminate the need for
a buffering counterion B, which may form a mixed complex Cu(B)X. A candidate
ligand that fulfills these requirements is Den.

Table I lists the electrolytes employed in this study. Electrolyte system L1-T1 is
commonly used in amino acid I'TP. Use of polyvalent Den as a counterion could cause
changes in AA mobilities due to electrophoretic and relaxation effects'®. Electrolyte
L2 was tested to determine the extent of these retardations. Electrolyte L3 was
designed based on the above criteria for Cu(AA)X formation to give maximum
Cu-AA interactions. Finally, electrolyte L4, using Den instead of NaOH to adjust pH,
was tested as an intermediate strength system.

Separation of mixtures with electrolyte systems L1-T1, L2-T1,L3-T2 and
L4-T2 are given in Figs. 1 and 2. Inspection of these results shows that use of Cu
+ Den in the leading electrolyte has a profound effect on AA mobilities. For
electrolytes containing Cu, the decrease in His mobility is so great that it can be used as
a terminating ion for the other seven AAs. A plot of AA relative step heights, on a log
scale, for electrolytes L1-L4 is shown in Fig. 3. Large decreases in mobilities for His,
Gly and Asp are observed with Cu-containing electrolytes. Benefits of using L3 or L4
include improved Glu and Asp separations and better resolution of Gly from Phe and
His. Ala, Val and Phe remain mixed with other AAs in all four electrolytes.
Disadvantages to using the Cu-containing systems include higher impurity levels
which interfere with some AAs, longer analysis times and, for certain pairs, poorer
resolution.

Use of Den alone (L2) shows modest changes in the separation patterns obtained
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Fig. 1. Conductivity traces for injections of a mixture containing 0.14 mg/ml each of Asp, Glu, His, Phe, Gly,
Ala and Val. Top: 10 ul mixture in L1-T1 electrolytes; bottom: 5 pl mixture in L2-T! electrolytes. C axis is
decreasing conductivity.

Fig. 2. Conductivity traces for injections of (top) S pl amino acid mixture in L3-T2 electrolytes and (bottom)
3 pul in L4-T2 electrolytes. Same mixture as in Fig. 1 but with His replaced by Bala. 1 = Electrolyte
impurities. C axis is decreasing conductivity.

due to electrophoretic and relaxation effects of the polyvalent counterion. All amino
acids are retarded with reference to Bala. The most interesting feature of the L2
electrolyte is the enforced migration of His and Phe ahead of Gly.

Mobility effects resulting from variation in Cu?* content of the leading
electrolyte were investigated using electrolyte systems L5-T2 and L6-T2. These
electrolytes, along with 1.2 and L4 form a consistent set with Cu?* concentrations of 0,
1,3 and 5 mM. Separation of AA mixtures in 1 and 3 mM Cu?* electrolytes with Den
adjustment of pH is shown in Fig. 4. Fairly large changes in AA mobilities and
migration orders are obtained with the 3 mM system, but electrolyte L6 with 1 mM
Cu?" gives identical separations as a Den-only electrolyte (L2).

To gain insights into the active counterion compositions of the leading
electrolytes, calculations were performed to determine copper speciation in elec-
trolytes L2-L6. Motekaitis and Martell’s computer program BEST!# and literature
values for stability constants !> were used for the calculations and the results are given
in Table II. Equilibrium calculations show that leading electrolyte compositions
depend on the method of pH adjustment. Use of excess Den (L4) instead of NaOH
results in formation of Cu(Den), at the expense of CuDen and Cu{(OH)Den.
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Fig. 3. Plot of relative step heights, on a log scale, referenced to Bala for individual amino acids in leading
electrolytes L1-L4. Vertical bars represent mixed or non-resolved zones.
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Fig. 4. Conductivity traces for injections of (top) I ul mixture with Bala in L5-T2 electrolytes and (bottom)
5 ul mixture with His in L6-T1 electrolytes. C axis is decreasing conductivity.
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TABLE 1
CALCULATED LEADING ELECTROLYTE COMPOSITIONS

Leader Total  Total  [CuDen]  [Cu(Den),] [Cu(OH)Den]  [HDen+ H, Den]

[Cuf [Den] (mM) (mM) (mM) (mM)
(mM) (mM)
L3 5.0 5.0 3.0 — 2.0 -
L4 5.0 8.8 1.0 34 0.6 0.4
L5 3.0 8.8 0.1 2.8 0.1 2.8
L6 1.0 7.8 - 1.0 - 5.4
L2 — 7.2 — — - 6.6

The counterion with the strongest presumed AA binding is the binary CuDen
complex. Electrolyte L3, with the highest CuDen content, gave the lowest absolute His
mobility as measured from adjusted terminator resistances. However, the relative step
height of His was higher in L4, due to significant Cu(Bala)Den formation in L3.

Reducing the total Cu concentration to 3 mM (LS) also causes considerable
change in counterion distributions. Although this electrolyte contains Cu(Den), as the
primary counterion, enough complexation power is retained so that His can be used as
a terminator. Apparently, 0.1 mM CuDen is sufficient to cause changes in AA
mobilities. Further reduction in total Cu to 1 mM (L6) yields an electrolyte with
performance similar to the non-Cu-containing L2 electrolyte. Thus, a Cu(Den), level
of 1 mM causes no mobility change and this species is inactive.

Unique mobility profiles are seen with all electrolytes except the L2-L6 pair.
Changes in effective mobilities are a combination of electrophoretic and relaxation
effects from changing +1/+2 counterion distributions and specific binding effects
with CuDen?*. The power of this approach to tailoring separations is demonstrated
by the fact that only Ala and Val fail to separate from other amino acids using the
electrolytes tested here.

Discontinuities in leader conductivity signals were observed with Cu-containing
electrolytes L3-1.5. Shown in Fig. 5 are anomolous conductivity changes seen at 12-16

Y 5 mM Cu

' —_—— 3 mMCu

T T T T T

min 12 14 16

Fig. 5. Conductivity record of Cu-containing leading electrolyte signals prior to leader/terminator
boundary. Top trace: L4; bottom trace: LS. Signals recorded at 100 #A and same decreasing conductivity
scale (C axis) as previous figures.
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min in the L4 and L35 electrolytes. Discontinuities occur near the expected time of the
CI” leading boundary, with some shift due to bulk leader transport number changes.
These discontinuities are suspected to be caused by CO3~ migrating in an enforced or
zone manner. This is supported by the fact that no discrete zone or zone length increase
was observed near AA zones when 5 ug CO3~ was injected in the L3-T2 electrolyte
system. Thus CO5 ™ may act as a pseudo-leader in these systems and cause the lengthy
analysis times observed at high Cu content.

Most probably all twenty common protein amino acids cannot be successfully
separated by ITP using these types of electrolytes. The seven amino acids tested here
are among those that bind copper most strongly. Less dramatic mobility shifts are
anticipated for other amino acids. However, electrolyte systems suggested here offer
a new method of altering ITP separations of free amino acids. In addition, such
systems could be useful for obtaining improved separations of related compounds such
as peptides and proteins.
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SUMMARY

A radiometric detector suitable for capillary isotachophoresis (ITP) is described.
This detector, based on solid scintillation counting, consists of three subunits, viz., an
on-column detection module, measurement electronics and a microcomputer system.
A key part of the detector, a small volume detection cell, has a sensing part made of
a plastic scintillator. Counting efficiencies of 10-15% were typical for these cells of
effective volumes of 70 or 210 nl (0.3 mm LD.) for '*C-labelled constituents in
a coincidence mode of measurement. By using the cell of effective volume of 210 nl,
e.g., a detection limit of ca. 16 Bq was achieved for [U-'*Clacetate under typical ITP
working conditions. It is shown by practical examples (cytidine 5-tri- and di-
phosphates) that the detector can be very useful in the purity control of *C-labelled
chemicals by ITP. A practical utility of the detector in monitoring a biotransformation
of '*C-labelled Cytostasane (a cytostatic drug) by ITP indicates its potential, e.g., in
pharmaceutical research. From the ITP analysis of an [U-'*Clprotein hydrolysate it
can be deduced that the radiometric detector in conjunction with suitable spacing
constituents is convenient also for analytical work with complex mixtures of
radiolabelled constituents.

INTRODUCTION

The separating abilities associated with an inherent concentrating power as well
as typical submicroanalytical features make capillary isotachophoresis (ITP) an

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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attractive alternative in the analysis of radioactive and/or radiolabelled 1onogenic
compounds. To exploit these analytical potentials of ITP, off-line techniques were
proposed by Arlinger!~*. This approach to radiometric detection was shown to be
useful also in analytical applications characterized by complex sample matrices®~".

However, when a wider analytical use is considered these off-line combinations
are less convenient for the following reasons: (i) increased labour requirements; (ii)
a time delay between the separation and detection; (iii) a possible loss of resolution
during the isolation step; (iv) uncertainties in the recoveries of the analytes, e.g., when
they are isolated from the trapping strips'~7; (v) risk of contamination due to extensive
handling of radioactive material. These disadvantages stimulated feasibility studies
devoted to the developments of on-column radiometric detection in ITP8°. Despite
sceptism (see, e.g., refs. 3 and 4), it was clearly shown that this detection mode is
applicable in ITP for a wide range of radionuclides. For example, with the exception of
SH (very weak f emitter), it is suitable to the detection of ff radiation emitted from
nuclides currently employed in biosciences®1°.

The aim of this work is to describe an on-column radiometric detector for ITP
developed recently in our laboratory. As is illustrated practically, based on solid
scintillation counting, this detector is very convenient for the analysis of '*C-labelled
constituents present in various matrices.

EXPERIMENTAL

Instrumentation :

A CS isotachophoretic analyser (URVJT, Spisska Nova Ves, Czechoslovakia)
was used. It was assembled in the column-coupling configuration of the separation
unit!!?? by using modules as delivered by the supplier. An on-column radiometric
detection module developed in this work was assembled into the analytical stage of the
separation unit (see Figs. 1 and 2). The measurement electronics of the detector
comprised commercially available subunits for the radioactivity measurement (JANA,
URVIJT), see Fig. 2. Data acquisition from the radiometric detector was performed
with a PMD 85 microcomputer (Tesla, Bratislava, Czechoslovakia). This micro-
computer system served also for post-analysis treatment of data and for printing of the
results (see below).

For preparative ITP experiments a discontinuous fractionation technique
was employed in the column-coupling configuration of the separation unit!#.

12,13

Chemicals

Chemicals used for the preparation of the leading and terminating electrolytes
were obtained from Sigma (St. Louis, MO, U.S.A.), Serva (Heidelberg, F.R.G.),
Reanal (Budapest, Hungary) and Lachema (Brno, Czechoslovakia). They were
purified by conventional methods'®. Water supplied by a two-stage laboratory
demineralization unit (Rodem-1; OPP, Tidnov, Czechloslovakia) and further purified
on a mixed-bed ion exchanger (Amberlite MB-1; BDH, Poole, U.K.) was used for the
preparation of the solutions. Hydroxyethylcellulose 4000 (Serva) was used as an
anticonvective additive to the leading electrolytes. Its stock solutions were purified on
a mixed-bed ion exchanger (Amberlite MB-1).

Carbon-14-labelled chemicals were obtained from the Institute for Research,
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Fig. I. On-column part of the radiometric detector. 1 = Sensing layer made of plastic scintillator;
2 = transparent plastic material compatible with the scintillator; 3 = black layer made of plastic material
preventing stray light effects from the side of the column (A) and from the side of the counter-electrode
compartment (B); 4 = duralumin housing of the on-column module; 5 = O-rings for light-tight connections
of the photomultipliers (6) to the detection cell; 7 = metal housing for the photomultipliers; 8 = screws
fixing photomultipliers; 9 = capillary channel in the detection cell.

Fig. 2. Block diagram of the on-column radiometric detector for ITP. SU = On-column part of the detector
(see Fig. 1); ME = measurement electronics; CS = microcomputer system; R = line recorders;
1 = duralumin housing for the detection cell; 2 = photomultipliers; 3 = conductivity detector; 4 = refilling
block with the counter-electrode compartment for the analytical column; 5 = power supplies for
photomultipliers; 6 = amplifiers; 7 = coincidence modul; 8 = ratemeter; 9 = system power supply; 10 =
microcomputer; 11 = monitor; 12 = printer.
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Production and Applications of Radioisotopes (Prague, Czechoslovakia). Reaction
mixtures from a biotransformation study of **C-labelled 5-bis(2-chloroethyl)amino-
1-methylbenzimidazolyl-2-butanoic acid (Cytostazane) were obtained from Dr. V.
S¢asnar (Institute of Pharmacology, Biomedical Centre of Slovak Academy of
Science, Bratislava, Czechoslovakia).

RESULTS AND DISCUSSION

Description of the detector

The detector developed in this work consists of three subunits, viz., (1)
on-column detection module, (2) measurement electronics, (3) microcomputer system
(see Figs. 1 and 2). In its design we paid special attention to the detection module since
it is a key subunit when the overall analytical performance of the detector is
considered. Fig. 1 shows that it consists of a light-tight assembly made of metal (4) in
which an exchangeable detection cell (1-3) is placed between a pair of photomultipliers
(6). The sensing part of the detection cell (1) is made of a plastic scintillator (SPB 31;
Tesla, Pfemysleni, Czechoslovakia). A capillary channel in the cell (9) has a diameter
identical to that of the I.D. of the analytical column (0.3 mm). In spite of the fact that
very different values for the average range of !*C f radiation in agueous solutions can
be found in the literature (see, e.g., refs. 16 and 17), such a diameter of the capillary
channel in the sensing part is rather large to achieve an high counting efficiency in the
radioactivity measurement (see below). However, we preferred compatibility of the
on-column module with current ITP columns on the account of lower counting
efficiency.

To achieve an high resolving power of the detector it is desirable to use a very
thin scintillating layer in the detection cell (& 0.1 mm). While such a thickness of the
sensing part is technologically feasible, from a theoretical treatment of our type of
detector it can be concluded that the thickness should not be less than 1 mm as
otherwise a considerable decrease in the precision of the radioactivity measurement is
unavoidable!®. This means that our type of detection cell to some extent compromises
the resolving power of the detector relative to that achieved by the separation process.
To keep the precision of the radioactivity measurement at an optimum, we used cells
having a thickness of the sensing layer of 3 mm (effective cell volume 210 nl) while
problems due to the decreased resolving power were solved by using (when required)
discrete spacing constituents (see below).

A block diagram of the detector is given in Fig. 2. In the design of the measuring
subunit (ME in Fig. 2) we preferred a coincidence mode of the radioactivity
measurement to minimize detector noise. This subunit is also provided with
aratemeter module and thus enables recording of an analogue signal from the detector
by a line recorder. This possibility is convenient for a quick test of the detector in
troubleshooting. The signal acquired by the computer system, however, is more
convenient for the evaluation of the ITP analysis. The computer is coupled to
a coincidence module of the measuring subunit provided with a circuit converting the
registered counts into TTL pulses. The low capacity of the computer memory restricts
the abilities of the system in real time processing of the acquired data. Therefore,
during an experiment only the data acquisition is possible, while data handling has to
be performed subsequently.
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An algorithm describing the data acquisition is available elsewhere!®. The
minimum counting time (fixed by the hardware) was 1 s. Software, written in Assembly
language, enables in post-analysis mode the following operations with the acquired
data:

(1) graphical plotting of the data on the system display

(2) selection of the counting time in the interval 1-60 s

(3) selection of a start time for display of the data

(4) selection of a scale on the axis of the registered counts for a given time
interval

(5) calculation of the sum of the registered counts for a chosen time interval in
absolute or relative mode

(6) printing of a hardcopy of the display

Some performance characteristics of the detector

The counting efficiencies of the detection cells developed in this work were
evaluated with [U-'*Clacetate. A commercially available preparation used for this
purpose was purified in our laboratory by preparative ITP (see Experimental). This
purification step was necessary in order to avoid systematic errors due to the presence
of other !'*C-labelled constituent(s) in the preparation. ITP was performed in
operational system 1 (Table I). The nett number of counts as registered on passage of
the acetate zone through the detection cell (divided by the mean residence time of the
labelled ions in the cell) was related to the nett number of counts obtained for the same
amount of purified acetate and for the same time interval by liquid scintillation
counting (LSC). When an 100% counting efficiency is assumed for the measurements
by LSC the counting efficiencies for our detection cells were in the range 10-15%. Such
values are considerable lower in comparison to those reported for '4C-labelied
compounds in packed cells designed for liquid chromatography (see, e.g., refs. 17-19).

TABLE 1
OPERATIONAL SYSTEMS

His = Histidine; MES = morpholinoethanesulphonic acid; Glu = glutamic acid; HEC = hydroxy-
ethylcellulose; BALA = f-alanine; CAPR = caproic acid; Tris = tris(hydroxymethyl)aminomethane;
Gly = glycine; HOAc = acetic acid.

Parameter System No.

! 2 3 4
Solvent Water Water-methanol Water Water
Proportion - 80:20 - —
Leading ion Cl- Cl= Cl- Cl~-
Concentration (mM) 10 10 10 10
Counter ion His BALA Tris MES
pH, 6.0 3.85 8.0 6.1
Additive to the leading electrolyte HEC HEC HEC HEC
Concentration (%, w/v) 0.2 0.2 0.2 0.2
Terminating ion MES CAPR Gly HOAc

(Glu) — — -
Concentration (mM) 5 5 5 5
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A less favourable ratio of the diameter of the capillary channel in the detection cell to
the average range of *C f radiation in aqueous solutions (see above) is the main but
probably not the only explanation for these differences (see, e.g., ref. 20). On the other
hand, packed detection cells have some serious disadvantages for use in ITP:

(i) packed cells having effective volumes of several tens of nl are difficult to
manufacture,

(i) less favourable surface/volume ratio, typical for the packed cells, can lead to
problems due to adsorption phenomena'?,

(iii) particulate material is also less favourable when a suppression of the
electroosmotic flow is desirable,

(iv) interactions of the separands with the particulate material may have
undesirable influences on their effective mobilities during the detection,

(v) assembly of a packed cell into the ITP separation compartment increases its
hydrodynamic resistance, thus making a rapid refilling of the compartment between
experiments with viscous solutions of the leading electrolytes practically impossible.

These facts suggest that, despite its inherently lower counting efficiency for
14C-radiolabelled constituents, our capillary type of detection cell has some fa-
vourable features from the point of view of ITP. In addition, a positive impact of the
concentrating power of ITP on the precision of the radioactivity measurement (see
below) makes it applicable also for typical trace analysis problems.

By using a general equation for the precision of the radioactivity measurement in
flowing systems (see, e.g., refs. 20 and 21), for our type of on-column detector in the
ITP steady-state we obtained'®

Viso + Viso—Rc,o(ld + ]x) Rc,o(/d + lx)2

Oy =
SOLse, Iy S20% 332 12 10820 3ek 12

()

where §, is the relative standard deviation of the measurement, vy, is the steady-state
migration velocity, R., is the counting rate for the background measurement
(determined in the time interval 1), /; is the thickness of the scintillating layer in the
detection cell in the direction along the capillary tube having the cross-section O, ¢, 4 is
the concentration of the constituent X in its zone or in the interzonal boundary layer
(when its amount is not sufficient to create its own zone) while / is the length of the
zone X or the thickness of the interzonal boundary layer, respectively, and S is the
sensitivity of the detection which includes both the decay constant of the radionuclide
and the counting efficiency of the detector.

From eqn. 1 it is clear that the precision of the radioactivity measurement by the
detector is related to the factors describing the ITP working conditions (v, Cy x, lx) a5
well as to those which characterize the detector and the radionuclide employed (/4, S,
0, R.,, t0). Since the steady-state data in I'TP can be calculated?>>*, eqn. 1 is useful to
estimate their importance in the on-column radiometric detection. Thus, when the
precision in the radioactivity measurement at the steady-state concentration of the
analyte is compared to that corresponding to its concentration in the sample (under
otherwise identical conditions), it is possible to quantify the rdle of the concentration
adaptation of the analyte on the precision of the radioactivity measurement. The plots
in Fig. 3, calculated for a concentration range of more than four decades, show that in
some instances (low concentrations of the analytes in the samples) this adaptation
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Fig. 3. Calculated dependence of the relative standard deviation of the radioactivity measurement (8,) on the
concentration of the '#C-labelled constituent present in the zone migrating isotachophoretically. Plots for
relative abundances 0.01, 0.1 and 1 of the labelled form in the zone were obtained for the same injected
amount of the constituent (21.2 nmol) migrating through the on-column detector at v,, = 0.5 mmy/s. The
total concentration of the constituent was the variable and the length of its zone was calculated with respect
to the constant injected amount. For the rest of the parameters the following values were used in the
calculations (for the meaning of the symbols see the text); /; = 3 mm; 7, = 500 s; Reo = 4.5 counts/s;
O = 0.071 mm?. A counting efficiency of 0% and a specific activity of 2.31 kBg/nmol (at 100% isotopic
abundance) were used for the calculation of S. The arrows indicate the range of steady-state concentrations
of the analytes in their zones under typical working conditions in I'TP.

process is of key importance in the on-column radiometric detection in ITP. These
plots also show that, in general, an high concentration of the leading ion is desirable
when this detection is employed. This is true, especially, for analytes accompanied in
the samples by their unlabelled analogues (dilution of the labelled form). However, the
solubilities of the separands under the chosen ITP conditions as well as thermal effects
determine the highest concentration of the leading ion in practical analysis.

The isotachopherograms in Fig. 4 were obtained from the on-column radio-
metric detector for [U-'*Clacetate at various concentrations of the leading anion.
Since the rest of the parameters influencing the precision of the radiometric
measurement (see eqn. 1) were kept constant, the practical importance of the
concentrating power of the ITP separation process in the on-column detection is
clearly illustrated. Here, the experiment corresponding to the isotachopherogram
B can be taken as a reference since the volume of the acetate zone was similar to the
injection volume, i.e., neither dilution nor concentration occurred in this instance. On
the other hand, in experiment A (Fig. 4), acetate was diluted during the separation to
half of its sample concentration, while in C it was concentrated ca. 5 times. As expected
fromeqn. 1, lower precisions were typical for experiments with lower concentrations of
the leading anion (longer zones of the analyte) for the same injected amount. However,
a further increase in its concentration (D in Fig. 4) did not improve the precision as in
C the acetate zone was shorter than the thickness of the sensing part of the detection
cell.

An experimental estimation of the detection limit was carried out with the
purified [U-'*Clacetate (see above) in system | (Table I). The measurements were
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Fig. 4. Isotachopherograms from the analysis of [U-'*Clacetate at various steady-state concentrations. The
compositions of the operational systems were as for system [ (Table I) except that the concentrations of the
leading anions were: 1 (A), 2 (B), 10 (C) and 20 mM (D). The driving currents during the detection were 2.5,
5.0,25and 50 A for A, B, C and D, respectively. Volumes of 1 ul [U-'“Clacetate (purified as described in the
text) were injected. &, t = increasing number of counts and time, respectively.

carried out with the detection cell having a thickness of 3 mm of the scintillating
sensing layer. This cell was chosen for this work because from a theoretical treatment
of the detection limit in the on-column radiometric detection? it is apparent that such
a thickness of the sensing layer is an optimum when a compromise between a low
detection limit and an high resolving power has to be achieved. The value of the
signal-to-noise ratio of 2 (corresponding to §, = 0.5) was taken as the detection limit
and in our particular case it was ca. 7 pmol (16 Bq). This experimentally obtained value
was in a reasonable agreement with the one predicted with the aid of eqn. 1 (9 pmol, 21
Bq).

The sensing part of the detection cell employed is ca. 30 times longer relative to
a reasonable estimate of the thickness of the interzonal boundary layer®*. This is an
obvious disadvantage of the cell from the point of view of the overall resolving power
of the detection. As already mentioned, the use of suitable spacing constituents can
alleviate this disadvantage. With respect to anhigh selectivity of detection, the choice
of suitable spacing constituents is less restrictive than, for example, in UV photometric
detection.

From eqn. 1 it can easily be deduced that an high precision in the radioactivity
measurement requires a low migration velocity. Such a requirement is associated with
a decreased sharpness of the zone boundaries (see, e.g., refs. 22 and 24) and, therefore,
it is hardly acceptable for high resolution detectors. On the other hand, from previous
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Fig. 5. Influence of the migration velocity on the number of registered counts. Volumes of | ul of the sample
(prepared by mixing commercially obtained preparations of [U-'*Clacetate (Ac) and [U-'4Clglutamate
(Glu) in the ratio 1:1) were injected in both A and B together with 1.5 nmol of f-bromopropionate (Sp). The
driving currents during the separations were identical except during the detection they were 50 (A) and 10 A

(B).

discussion it is apparent that for on-column radiometric detection this is to a certain
extent a reasonable way to increase the precision in the radioactivity measurement.
This possibility is illustrated by the isotachopherograms given in Fig. 5. In these
experiments the same amounts of a sample containing [U-'*Clacetate, [U-14CJ-
glutamate and B-bromopropionate (spacing constituent) were separated under
identical working conditions, except that the driving currents during the detection
were 50 pAin A and 10 pA in B. To illustrate the difference in the registered counts the
isotachopherograms were plotted at “chart speeds” having the same ratio as the
driving currents during the detection.

ITP analysis of **C-labelled nucleotides

At present, the application of radiolabelled compounds is widespread, especially
in various branches of bioscience. Of these compounds the ones labelled with **C are
mostly used. Therefore, in spite of the fact that the detector described above is suitable
also for the detection of other f emitters, in this work we paid attention to its use in the
analysis of ionogenic compounds carrying this label,

'4C-labelled nucleotides represent an important group of compounds employed
in biochemical and biological research. For obvious reasons, purity control of the
preparatives employed for these purposes is essential, especially when impurities or
naturally occurring compounds disturb the reaction(s) under investigation. The
isotachopherograms given in Fig. 6 were obtained from the analysis of commercially
available cytidine 5-triphosphate (CTP) labelled with '4C (ref. 25). A freshly delivered
preparation (37 MBq/ml) was used in this instance. The actual content of the labelled
CTP was 91.2% as determined by high-performance liquid chromatography (HPLC)
in the laboratory of the supplier. From the ITP analysis it was apparent that besides
CDP and CMP (cytidine 5'-di- and monophosphates, respectively) it contained also
other '*C-labelled impurities of which the one marked with u (Fig. 6) represented
13.8% of the registered counts. When we assumed that only the labelled constituents
migrating between the leading and terminating anions were present in the sample, the
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Fig. 6. Isotachopherograms from the analysis of [U-'*CJCTP. The separation was carried out in system
2(TableI)and 1 ul of CTP was injected together with a mixture of spacing constituents, a (Table IT). Records
from the conductivity (A) and radiometric (B) detectors were registered at 45 uA. The driving current in the
preseparation column was 200 uA. N, R, t = increasing number of counts, resistance and time, respectively.

actual content of CTP (expressed via relative distribution of the registered counts) was
63.9%. This value indicates a large discrepancy between ITP and HPLC. The
difference was large also when CDP and CMP present in the sample were ascribed to
the decomposition of CTP since its production (78.3% of the registered counts).
A reasonable agreement between HPLC (91.2%) and ITP (92.0%) was obtained only
when the constituent was considered as originating from CTP, e.g., via a radiolytic
degradation or as unresolved from it by HPLC.

In the analysis of !“C-labelled CDP stored for a longer time (immediately after
the expiration time), several labelled constituents were detected under similar
conditions to those employed in the analysis of CTP (see Fig. 7). Of these only CDP
and CMP were identified by spiking the sample with the unlabelled nucleotides. To
save the preparative for further experimental work, we employed preparative ITP to
isolate the labelled CDP. The isolation was carried out in the operational system
2 (Table I) by using the column-coupling configuration of the instrument adapted for
the preparative work (see Experimental). An isotachopherogram from the radiometric
detector shown in Fig. 7B was obtained in the analytical control of the preparative
experiment. In this instance a small aliquot of the isolated fraction was taken for the
analysis. This experiment performed with a delay of 20 h after the isolation also shows
a degree of hydrolytic conversion of CDP kept in the trapped solution (pH ~ 4.0).
Nevertheless, these experiments clearly indicate an high purification efficiency of the
preparative ITP in this instance. We feel that this approach to the purification of
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Fig. 7. Purification of [U-'*CICDP by preparative capillary ITP. The working conditions were as in Fig. 6.
In A, 5 pl of the CDP preparative were injected and in B the injection volume was 2 ul of the same
preparation purified as described in the text.

radiolabelled ionogenic compounds is of general applicability, especially for less stable
compounds currently employed in biological and biochemical research. Its advantages
are obvious: (i) pure and well defined material can be prepared immediately before the
experiment; (ii) .the capillary type of separation unit enables purification in a
reasonable time (ca. 25 min in our instance); (iii) in some instances, hundreds of ug of
target compounds can be obtained in one experiment; (iv) with the exception of the
columns, the same instrumentation can be used for both the preparative and analytical
experiments.

ITP profiling of biotransformation products of **C-labelled cytostasane

Analysis of radiolabelled transformation products is a current task, e.g.,
pharmacological evaluation of drugs. Since the biotransformation products are often
ionogenic in nature, ITP is a method of choice in this research area. In this work we
briefly investigated its capabilities in the analysis of samples obtained from a
biotransformation study of **C-labelled cytostasane. Previous work with this drugin
which HPLC was employed to monitor the course of biotransformation did not give
satisfactory results in spite of the fact that at least one product was detected®. Since no
more preliminary data were available we performed cationic and anionic ITP profiling
of the labelled products present in the incubation mixture.

ITP profiles as obtained by the radiometric detector in the operational systems
3and 4 (Table I) are given in Fig. 8. The cationic profiles were obtained in a system in
which the effective mobility of H* is very low (for an estimation see ref. 27). Only
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Fig. 8. Cationic (C) and anionic (A) ITP profiles of radiolabelled biotransformation products of
14C-labelled Cytostasane. The '*C-labelled drug was incubated with hepatocytes (4 - 10° cells/ml) in
Krebs-Henseleit buffer solution at pH 7.4 (the hepatocytes were obtained by a collagenase perfusion of rat
liver). Volumes of 1 ml of the incubation mixtures taken at 0.5, 5, 15 and 60 min were centrifued (3000 rpm)
and the supernatants were stored at —25°C until the ITP measurements. Volumes of 10 ul of the
supernatants were taken for ITP. The driving current during the detection in the cationic profiling was 20 pA
and in the anionic profiling was 40 uA. The zone of the carbonate spacing the radiolabelled constituents in
the anionic profiling (ca. 120 s) was omitted from the isotachopherograms. For other details see the text.

under such extreme conditions could we achieve the cationic migration of the labelled
constituent(s). From the response of the detector, the presence of only one constituent
(migrating with an effective mobility similar to that of H™) is visible. This, however,
cannot be accepted as conclusive since the number of radiolabelled cationically
migrating constituents must be determined in experiments in which the degree of
chemical homogeneity of this zone is investigated, e.g., the use of suitable spacing
constituents, preparative experiments followed by analysis under various working
conditions, etc.

The anionic profiles were evaluated in the operational systems 1-3 (Table I).
Radiolabelled constituents ‘migrated only at pHy = 8.0 (system 3). Under these
conditions two zones were detected by the radiometric detector (Fig. 8). The sum of the
registered counts for these zones for a given incubation time was very close to half of
the registered counts in the corresponding cationic profiles. At the same time, the
migration_velocity in the cationic system was approximately half of the value in the
anionic systeni—When we consider the influence of the migration velocity on the
number of registered counts (see Fig. 5 and accompanying explanation), it is seen that
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Fig. 9. Isotachopherograms from the analyses of an [U-'*C]protein hydrolysate. Volumes of 50 ul of the
sample isolated as described in the text were injected without (A) and with (B) the spacing constituents,
b (Table 11). These volumes corresponded to 2.5 ul of the original sample having a specific activity of 40
MBg/mi. The driving currents were 250 and 50 ¢A in the preseparation and analytical columns, respectively.

the same amounts of the radiolabelled analytes were extracted in both profiling
systems. This result suggests that in the cationic system there are two unresolved
radiolabelled constituents formed by the biotransformation process. In addition, from
their migration behaviours we can deduce that they have typical zwitterionic
properties.

These preliminary experiments imply that ITP with the on-column radiometric
detector may be a very useful analytical tool in biotransformation studies, e.g., In
combination with other separation and identification methods.

Detection of **C-labelled constituents present in a protein hydrolysate

ITP is a method suitable for the analysis of complex mixtures of ionogenic
compounds. In this respect the column-coupling configuration of the separation
unit'"**? has many practical advantages. To illustrate these possibilities in the analysis
of complex mixtures of radioactive or radiolabelled ionogenic constituents we carried
out experiments with an [U-'#C]protein hydrolysate.

In the direct analysis of the hydrolysate (ref. 25, p. 33) we observed a trailing zone
along the terminator (operational system 1). As this zone might be misinterpreted as
a memory effect of the detection cell, we employed in these experiments a fraction
trapped by preparative ITP (see Experimental). This fraction included the constituents
migrating in the mobility interval determined by the leading and terminating ions of
the operational system 1 (Table I).

In the analysis of the fraction two zones were resolved by the radiometric
detector (Fig. 9A). To confirm their purities the fraction was analyzed under identical
conditions with a mixture of spacers (b, Table IT). An isotachopherogram obtained
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TABLE 11
COMPOSITIONS OF THE MIXTURES OF SPACING CONSTITUENTS

Mixture Constituents® |

a Formate, trichloroacetate, lactate, succinate, N-acetylleucine, glutarate, glutamate, mono-
methyl succinate, acetate, monoethyl succinate, mono n-propyl succinate, propionate,
butyrate, monomethyl adipate

b Tartronate, malonate, citrate, succinate, glutarate, adipate, N-acetylglutamate, glycolate,
acetate, dichloroacetate, trichloroacetate, f-bromopropionate, butyrate, aspartate, valerate,
N-hydroxyethyliminodiacetate, glutamate, enantate, glucuronate, o-aminoadipate, «-
aminopimelate, pantothenate

“ The orders of the constituents agree with their migration orders at pH, = 3.85 (a) and 6.0 (b).

from such an analysis (Fig. 9B) clearly shows that this fraction of the protein
hydrolysate which should ideally contain only amino acids migrating anionically at pH
6.0 with effective mobilities higher than that of MES (aspartic and glutamic) was
a complex mixture of radiolabelled constituents. Some of these constituents migrated
between the spacers and some of them were spread along their zones. Reasons for the
presence of such a number of radiolabelled constituents in the analyzed fraction were
not investigated in this work. However, it can be explained via autoradiolytic and
biochemical processes as well as via the presence of some peptidic fragments.
Nevertheless, the isotachopherograms from the analysis of this sample clearly indicate
that the on-column radiometric detector in conjunction with the column-coupling
configuration of the separation unit is a promising analytical alternative also for
complex mixtures of radiolabelled ionogenic compounds.

CONCLUSIONS

From this work it is clear that the described on-column radiometric detector is
a very convenient solution to the detection of !*C-labelled constituents under typical
ITP working conditions. Its inherently lower counting efficiency for this radionuclide
(in comparison to the packed detection cells used in liquid chromatography) is at least
compensated by the concentrating power of the ITP separation process. In the
detection of **C we can expect a further improvement of the counting efficiency by
decreasing the diameter of the capillary channel in the detection cell. With the
exception of *H (undetectable), however, the detector provides considerable higher
counting efficiencies for other currently employed f radiation emitting nuclides (**P,
338, 99mTe, etc.).

Problems associated with the lower resolving power of the detector (when
compared to current high resolution detectors in ITP) can be solved via the use of
spacing constituents. However, in this approach the resolution of some constituents
with very close physico-chemical properties can be tedious. In this respect, a further
improvement of the counting efficiency of the detection in the suggested way will
automatically provide a possibility to increase the resolution of the detection via
a decrease in the thickness of the sensing part of the detection cell without sacrificing
the precision in the radioactivity measurement.
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In this work we found preparative ITP to be a very suitable method for

purification of radiolabelled chemicals. It is obvious that its use can be extended to
isolations of the radiolabelled constituents from reaction mixtures, e.g., inexperiments
aimed at the identification of radiolabelled products.
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SUMMARY

The possibilities of photometric detection of metal cations based on the
formation of kinetically labile, light-absorbing complexes (chelates) during isota-
chophoretic (ITP) separation were studied. Xylenol orange was used as a chelating
co-counter ionic constituent in the cationic mode of ITP. The metal cations formed,
under the working conditions employed, light-absorbing chelates with this chelating
agent and could be detected with high selectivity at 580 nm when their cationic
migration was preserved.

Bleeding of the analyte zones caused by xylenol orange and probably also by
chelating impurities present in its precursors were the most serious sources of
systematic errors, especially at the parts per 10° concentration level. At such
concentrations, adsorption of the metal cations in the separation compartment also
appeared important. Means of minimizing these losses of the analytes were studied.
Under optimized ITP working conditions Mn?* and Cd2* had detection limits of ca.
108 mol/1 for a 30-ul sample volume. These values represent almost a three orders of
magnitude improvement relative to current high-resolution universal detectors.
Consequently, the metals could be reliably determined at concentrations lower than
5+ 107 mol/l.

INTRODUCTION

Complex equilibria are currently employed to optimize selectively the separation
conditions in the analysis of metal cations by capillary isotachophoresis (ITP). Various

¢ This paper is dedicated to the memory of Professor Samo Stankoviansky on the occasion of his
80th birthday.

0021-9673/89/%03.50 © 1989 Elsevier Science Publishers B.V.
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complexing agents, mostly in the cationic mode of analysis, have been studied in this
respect and a key role of these equilibria in the ITP analysis of some important groups
of metals is apparent (see, e.g., refs. 1-18). However, the overall selectivity of the
analysis may be low as universal, conductivity and potential gradient detectors are
almost exclusively used. Indirect photometric detection has been proposed for these
analytes'®2° but has similar disadvantages. In addition, these detection alternatives
may not be sensitive enough when trace determinations are required. In spite of the fact
that these disadvantages can be reduced by using a suitable sample preparation
procedure before the ITP analysis®!7, developments aimed at improving the detection
capability of ITP for metals are desirable.

In the determination of metals, their conversion into visible light-absorbing
complexes (usually chelates) is the basis of the physico-chemical principles of various
titration?!~24 and spectrophotometric?*~?7 methods. Many of the chelating agents
used for these purposes are ionic and their complexes with the metal cations are
kinetically labile. In this work we performed an introductory study devoted to the use
of these reactions in the photometric detection of metal cations in ITP. The detection
approach is based on the following idea.

A chelating agent migrating anionically in the cationic mode of ITP and partially
forming kinetically labile, light-absorbing chelates with the metal cations of analytical
interest is added to the leading electrolyte. The working conditions (pH of the leading
electrolyte and the concentration of the chelating agent) are chosen in such a way that
the cationic migration of the analytes is preserved. In the choice of the chelating agent
it is also important that the light absorption spectra of its free ionic forms prevailing
under the ITP working conditions differ sufficiently from those of the metal chelates.
Then, on-column photometric detection carried out at a wavelength from that part of
the absorption spectra of the chelates where the light absorption by the free chelating
agent is negligible provides the desired analytical information. Thus, the metal ions are
detected via their light-absorbing chelates formed during the migration. It is apparent
that in this instance the detection signal is proportional to the concentration of the
metal ions present in the chelates and hence this is a direct mode of photometric
detection.

Some of the chelating agents suitable for this detection aproach are probably
also applicable for work in the anionic mode (see e.g., refs. 14-18). Altough in this way
we could expect a higher sensitivity of detection (complete conversion of the metal
cations into chelates), small differences in the effective mobilities of the chelates and/or
their decomposition (bleeding) during the separation'®'® can considerably restrict its
practical utility.

In this paper we present the results of feasibility study in which xylenol orange
was used for the photometric detection of some metals (Mn?*, Cd*>*, Zn?* and Pb**)
in the cationic mode of the ITP.

EXPERIMENTAL

Instrumentation '

A CS Isotachophoretic Analyzer (VVZ PJT, Spisska Nova Ves, Czechoslovakia)
was used in the column-coupling configuration of the separation unit. The analytical
column of the analyser was provided with a laboratory-made on-column photometric



PHOTOMETRIC DETECTION OF METAL CATIONS IN [TP 157

detector. The detection cell was placed ca. 2 cm upstream of the conductivity sensor.
An LQ 1411 light-emitting diode (Tesla, Roznov, Czechoslovakia) was employed as
the monochromatic light source of the detector as its emission maximum at 580 nm
agreed well with the light absorption maxima of the metal chelates. A KPX 81
phototransistor (Tesla) served as the photosensing element of the detector?®,

A Specord UV-VIS spectrophotometer (Carl Zeiss, Jena, G.D.R.) was used in
the measurement of the absorption spectra of the chelating agents and the corre-
sponding chelates in the preliminary choice of the agents for the ITP experiments.

Chemicals

The chemicals used for the preparation of the leading and terminating
electrolytes were obtained from Serva (Heidelberg, F.R.G.), Sigma (St. Louis, MO,
U.8.A.) and Lachema (Brno, Czechoslovakia). Some were purified by conventional
methods. Hydroxyethylcellulose 4000 (Serva), after purification on an Amberlite
MB-1 mixed-bed ion exchanger (BDH, Poole, U.K.), was used as an additive to the
leading electrolyte.

3,3’-Bis[N,N-di(carboxymethyl)aminomethyl]-o-cresolsulphonphthalein (xy-
lenol orange), 3,3’-biS[N-(carboxymethyl)aminomethyl]thymolsulphonphthalein (gly-
cine thymol blue), 5,5"nitrilodibarbituric acid (murexide) and 2-hydroxy-1-(1-hy-
droxynaphthyl-Z—azo)—6-nitronaphthalene-4-sulphonic acid (Eriochrome Black T)
were obtained in indicator-grade purities from Lachema and Merck (Darmstadt,
F.R.G.). Their Na* and NH; salts were converted before the use into the free acids on
a column packed with Dowex S0W-X8 (H*) cation exchanger (Serva). Of these
chelating agents only xylenol orange was stored as a 102 mol/l stock solution.

Stock solutions of metal cations (1072 mol/l) were prepared from their
analytical-reagent grade salts obtained from Lachema and Merck.

Water delivered by a Rodem-1 two-stage demineralization unit (OPP, Tisnov,
Czechoslovakia) was further purified by circulation through laboratory-made poly-
tetrafluoroethylene (PTFE) cartridges packed with a mixed-bed ion exchanger
(Amberlite MB-1; BDH). The solutions were prepared from freshly recirculated water.

Sample and solution handling

To avoid problems due to contamination of the solutions with heavy metals
and/or to minimize the losses of the analytes, the following precautions were taken: (i)
The solutions (leading and terminating electrolytes, sample solutions containing the
metal cations at concentrations of 10~* mol/l and less) were stored in polyethylene or
quartz vessels cleaned as recommended in the literature (see, e.g., refs. 29 and 30). (ii)
In the work on the concentration level of the analytes at 10> mol/l and less, only the
samples prepared immediatey before a series of the experiments were used. (iii) The
samples were transferred into the injection valve of the analyser with polyethylene
disposable syringes. The syringes were cleaned before use by storing them for several
days in 1 mol/l nitric acid. They were washed with demineralized water immediately
before use. (iv) Those parts of the injection valve of the analyser which came into
contact with the solutions were made of PTFE. In addition, we employed a terminating
compartment made of PTFE and any contact of the terminating electrolyte solution
present in this compartment with the laboratory environment was avoided.
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RESULTS AND DISCUSSION

Choice of the chelating agent

As is clear from the previous description of the detection principle, the choice of
the chelating agent had to follow requirements important for both the separation of
metal cations and their detection. Obviously, general requirements concerning the
constituents used for the preparation of the leading electrolyte solutions in ITP also
had to be considered®. In summary, the chelating agent suitable for our detection
purposes should fulfil the following criteria: kinetic lability of the complexes formed
during the migration; desired separating effect or no disturbances to the separation
when other constituent(s) is (are) responsible for the resolution of the separands; its use
must not introduce a systematic bias into the quantitation due to zone bleeding’ 5.31.32,
different light absorption spectra of the chelate and the free chelating agent; high molar
absorptivities of the metal chelates at the detection wavelength; chemical stability; and
availability in a sufficient degree of purity.

As our experiments were intended to study the detection of metals we did not
evaluate in detail the separating capabilities of the chelating agents used in the
investigation. Obviously, their influence on the ITP separations of metal cations
cannot be neglected (also at low concentrations of the agents) when the corresponding
values of the stability constants are taken into consideration (refs. 21, 33 and references
cited therein).

Among the group of chelating agents potentially applicable for our detection
purposes, we preferred metallochromic indicators as their complexes are usually
kinetically labile?!22. Our preliminary choice was based on measurements of the
absorption spectra in a wide pH range. In this way we obtained relevant data for the
indicators, i.e., their pH working range and optimum detection wavelength for ITP.
The chemical purities of the indicators used in further investigations were evaluated via
their ITP anionic profiles. In general, the profiles showed low chemical purities of the
available preparations (see, e.g., Fig. 1). The use of simple purification procedures as
recommended?! did not lead to improvements in this respect. Therefore, we had to
take into account that mixtures of chelating agents (probably with different chelating
properties) rather than individual agents were employed in our experiments.

The low chemical stabilities of some indicators (murexide, Eriochrome Black T)
further restricted our choice. This undesirable property of the indicators led us to
evaluate regularly the actual content of the chelating agent(s) present in the leading
electrolyte. Ba?* served for this purpose and the amplitude of the signal of the
photometric detector for its zone was taken as a measure of the concentration of the
indicator present in the leading electrolyte.

Of the metallochromic indicators studied we chose xylenol orange for a detailed
investigation because, with the exception of its lower chemical purity, it best met the
remainder of the above criteria. Its light absorption maximum was at 445 nm (under
experimental conditions close to those employed in ITP) whereas the maxima for the
metal chelates ranged from 570 to 580 nm. In addition, at the detection wavelength
(580 nm) the contribution of the free chelating agent to the light absorption was
negligible.

The composition of the leading electrolyte is given in Table I. Here, both the
concentration of xylenol orange and pH, were chosen to illustrate the analytical
possibilities of the detection method and problems encountered in its use.
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Fig. 1. Anionic profile of xylenol orange at pH; = 3.5. 10 mM HCI buffered to pH, = 3.5 with f-alanine was
used as the leading electrolyte [HEC at 0.1% (w/v) concentration served as the additive]. S mM acetic acid
was used as the terminating electrolyte. A 30-d volume of the leading electrolyte solution used for the
separation of metals (Table I) containing 1.5 mM xylenol orange was injected. The isotachopherograms
from (a) conductivity and (b) photometric detectors were recorded at a 45-yA driving current. R,
A = increasing resistance and light absorption at 580 nm, respectively.

TABLE 1
OPERATIONAL SYSTEM

Parameter Electrolyte

Leading Terminating
Solvent H,0 H,0
Cation NH; H*
Concentration (mM) 20 l
Counter ion OAc™¢ NO;
Co-counter ion X0 -
Concentration (mM) 0.4 -
pH 5.0 ca. 3.0
Additive HEC* -

Concentration (%, wjv) 0.1 -

“ OAc = Acetate; XO = xylenol orange; HEC = hydroxyethylcellulose.
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Migration behaviour of the metal cations and their photometric detection with xylenol
orange

The isotachopherograms in Fig. 2 were obtained from the analysis of a model
mixture containing Mn2*+, Zn?*, Cd?* and Pb2* at 10~* mol/l concentrations. It can
be seen that for the cations that form light-absorbing chelates with xylenol orange the
expected responses were obtained. It is also apparent that their migration order
followed the stabilities of the chelates (Mn2* <Cd?* <Zn?* <Pb**). Pb?* formed to
a great extent PbHL?" species (HL represents the singly protonated ionic form of the
chelating agent) with xylenol orange at pH values close to our pH_ (ref. 27, p. 292) and
was retarded into the terminating zone. As the decomposition of the Pb chelate in this
zone was not sufficient to achieve a higher effective mobility of Pb relative to that of the
H* ion (owing to a lower pH and a lower steady-state concentration of the free
chelating agent), the Pb injected was completey lost during the separation. Such
behaviour of the metal cations must be considered when the complex equilibria are
involved in the ITP separation®"32. In this particular instance we investigated the
possibility of eliminating these losses of Pb by the use of a competitive metal cation.
Cu?* was tested for this purpose, with positive results. Unfortunately, the concen-
tration of Cu2™ that had to be added to the sample was critical. A concentration of
Cu?* below a very narrow optimum concentration range only partly prevented the

-

H \ ——
L NHg
)

Fig. 2. ITP separation of Mn?", Cd2+ Zn?* and Pb?* with xylenol orange used as a chelating co-counter
jon. A 30-ul volume of the injected sample contained the metal cations at 107 mol/l concentrations. The
isotachopherograms from (a) conductivity and (b) photometric detectors were recorded at a 100-uA driving
current. Composition of the operational system as in Table 1 and symbols as in Fig. 1.



PHOTOMETRIC DETECTION OF METAL CATIONS IN ITP 161

losses of Pb. On the other hand, at a higher Cu?* concentration the detection of Pb2+
was disturbed by a strongly light-absorbing copper chelate. As such a solution was
impractical for use in the detection of very low concentrations of the metals it was not
studied further.

Organic bases, cationically migrating amino acids, tetraalkylammonium cations
and alkali metal cations were considered as spacing constituents. Here, unexpected
migration behaviours of the metal cations were observed. The isotachopherogram in
Fig. 3 serves as an illustration of this behaviour. [t can be seen that Tris (having a lower
effective mobility than Zn and Cd) not only spaces the Mn zone but also acts as
a carrier for the injected Zn and Cd. Moreover, these metal constituents, spread along
the rear part of the Tris zone, were mutually separated by a sharp boundary. The
corresponding response from the conductivity detector also indicates that part of the
Tris zone occupied by the metals and suggests a higher resistance. However, when the
measuring electrodes were cleaned electrochemically! this enhanced response dis-
appeared. Hence it can be ascribed to a higher sensitivity of the coated measuring
electrodes to the multiple charged ions'-**. Further, the observed migration be-
haviours of Zn and Cd can again be explained in terms of the bleeding of the zones of
metals into the Tris zone. At the same time, competition of the metal ions for the ligand
explains their resolution in this zone. These results also suggest that in the ITP analysis

J
Fig. 3. Carrying and spacing effects of Tris in the separation of metal cations. A 30-ul volume of the injected
sample contained Tris (5 - 107* mol/l), Mn?* (10~* mol/l), Cd?* (10~* mol/l), Pb** (10~* mol/l) and Zn?*
(5 - 107% mol/1). ITP working conditions and symbols as in Fig. 2. The length of the Tris zone increased by
ca. 5% in comparison with the run without metal cations.
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of metals present in samples containing non-complexing cationically migrating
constituents the choice of the complexing agent must consider this behaviour of the
metal ions also in instances when their bleeding into the terminating zone does not
occur®!32,

We further investigated in detail the migration behaviours of Cd and Zn in
multi-component mixtures of non-complexing cations. In these experiments the
concentrations of Zn?>* and Cd?™" in the samples were varied while the concentrations
of the non-complexing cations were kept constant. Isotachopherograms from such
experiments for Zn are shown in Fig. 4. The isotachopherograms show that Zn was
retarded by xylenol orange into the rear part of the BALA zone (the chelate was
decomposed at the front of the terminating zone) when its concentration in the sample
was 107> mol/l (Fig. 4b). At a 5-fold higher concentration Zn was spread along the
zones of BALA and EACA and along the rear part of the Tris zone (Fig. 4c) whereas at
a 1.5 - 107* mol/l concentration it was present along all of these zones and also,
partially, in its own zone characterized by the same effective mobility as in Fig. 2. These
isotachopherograms suggest that in each of the zones of non-complexing constituents
the degree of complexation of Zn?* was different and decreased stepwise in the
direction of the terminating zone. This is an expected agreement with a decrease in the
pH of the zones and with a decrease in the concentration of the chelating co-counter
ion. It is also apparent that each of the zones of non-complexing constituents
(migrating behind the zone of the metal) had, therefore, a certain carrying capacity for
Zn under given working conditions. This carrying capacity will be zero for the zone in
which the chelate is decomposed to such an extent that the effective mobility of the
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Fig. 4. Migration behaviour of Zn present in a multi-component mixture of non-complexing cationic
constituents. A blank solution (No. I; Table II) (see the isotachopherogram) (a) was spiked with Zn at (b)
1075 mol/l, (c) 5 - 10~5 mol/l and (d) 15 - 1075 mol/l concentrations. | = Ba?*;2 = Na*;3 = TMA*;
4 =Li*;5 = Tris; 6 = EACA;7 = BALA. Zn/BALA, Zn/EACA, Zn/Tris and Zn* indicate Zn present in
the zones of BALA, EACA, Tris and in its own zone, respectively. The isotachopherograms were recorded at
a 100-pA driving current. Composition of the operational system as in Table I and symbols as in Fig. 1.



PHOTOMETRIC DETECTION OF METAL CATIONS IN ITP 163

metal is higher than that of the constituent forming this zone. The terminating
constituent acts in this way for Zn. On the other hand, when the areas of the signals
obtained for different concentrations of Zn are compared, some loss of this cation is
clear. Bleeding of Zn into the terminating zone is a possible explanation. The losses of
the metal were much lower than for Pb. They could be detected only with difficulty
with the aid of the photometric detector because Zn2* was present as an impurity in

/Cd {Tris /
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Fig. 5. Migration behaviour of Cd present in a multi-component mixture of non-complexing cationic
constituents. The composition of the blank solution (a) was the same as in Fig. 4 except Zn2* was added at
2.5 - 107 mol/l concentration. Cd>* was present in the injected samples at 107, 5- 1076, 2 - [0~5 and
8 - 107 mol/in runs b, ¢, d and e, respectively. Isotachopherograms from (A) photometric and (B)
conductivity detectors. Other details as in Fig. 4.
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the chemicals used for the preparation of the leading electrolytes. Consequently, the
losses of the injected Zn?* could not be distinguished from the fluctuations of the
signal due to the varying amount of the impurity present in the separation
compartment.

Cd?* forms with xylenol orange a chelate with a lower stability constant than
those of Pb2* and Zn2*. Therefore, its decomposition was detected at the front of the
EACA zone (Fig. 5). It can be seen that either BALA or EACA can be used to space the
migrating positions of Zn and Cd. In terms of the previous discussion, this is due to the
fact that both amino acids act as carriers for Zn and the fronts of their zones
decompose the Cd chelate.

When our detection approach was employed for the concentrations of metals
below 10~¢ mol/l their losses were typical. The isotachopherograms in Fig. 6 show such
a situation. At this concentration level of the analytes we found that Ba?* and Li™ had
a positive effect in eliminating these losses. In this respect comparisons of the
isotachopherograms b, d and e in Fig. 6 are illustrative. The cations were originally
added to the samples as a spacer (Li*) and as an internal standard (Ba>*) for the
evaluation of the concentration of the chelating agent. Nevertheless, these results
suggest that bleeding of the analytes may not be the only cause of their losses. In spite
of the fact that in this particular instance there is no experimentally based evidence, it
seems appropriate to expect that adsorption phenomena in the separation com-
partment can also be important at such sample concentrations. Then, competition of
Ba?™ and, partially, also Li* with the analytes for the adsorption sites can provide an
explanation of the positive effects of these cations.

When the isotachopherograms in Fig. 6b and ¢ are compared it can be seen that
an increase in the concentration of Zn?>* in the sample (the Zn stock solution was
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Fig. 6. Influence of Ba>* and Li* on the detectability of Mn?* and Cd** at low ppb concentrations. The
isotachopherograms from the photometric detector were obtained for 30-ul volumes of samples of the
following compositions: (a) blank solution No. I (Table IT); (b) same as (a) but with Cd**, Mn?* and Zn**
added at 2 - 10~7 mol/I; (c) same as (b) but the concentration of Zn was 8 - 10-° mol/]; (d) and (¢) sample
compositions as in (b) but the blank solution without Ba?* and Li*, respectively, were used. Other details as
in Fig. 4.
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proved to be free of Cd) led to a higher signal for a 2 - 10~7 mol/l concentration of
Cd**. This result implies that in the run shown in Fig. 6b part of the Cd was present
along the EACA zone (and to a smaller extent also in the BALA zone) and/or adsorbed
in the separation compartment. Then, on increasing the concentration of Zn?™ in the
sample (Fig. 6¢) it was displaced into its migration position. This displacement effect of
Zn can be ascribed either to its preferential trapping on the adsorption sites or to its
higher complexing ability, leading (via competition with Cd®* for the ligand) to
a higher effective mobility of Cd in the zones of non-complexing constituents.
From the previous discussion it is apparent that at the concentrations of the
metal cations detectable by the conductivity detector, the bleeding of their zones [either
to the terminating zone or to the zone(s) of non-complexing cation(s)] is potentially the
most serious source of the analytical errors. At parts per 10° (ppb) concentrations the
losses cannot be explained only in this way. Adsorption of the metal cations in the
separation compartment (hardly detectable by the conductivity detector) could
provide a reasonable explanation in our particular case. However, uncertainty
concerning the chelating properties of the impurities present in the precursors of
xylenol orange used in these experiments (see Fig. 1) means that such an interpretation
must be also treated with caution. This discussion implies that a further study with
xylenol orange of a higher purity could be helpful in clarifying these results.

Detection limits and quantitative analysis

The above results clearly show that our approach to the photometric detection of
metal cations provides considerably lower detection limits than current alternatives.
However, to exploit its potential in trace ITP analysis it is necessary to minimize
system errors due to the losses of the analytes during the ITP separation. In spite of the
fact that origin of these losses is not yet exactly known, the experiments performed at
concentrations of the analytes below 10~ mol/l suggest that one way to solve this
problem is to add suitable cationic constituents, such as Ba2™*, to the sample and to
compensate for the losses of the analytes associated with the use of non-complexing
spacing (carrying) constituents by adding the corresponding amounts of the metal
cations to the sample. '

In determining the detection limits for Mn%* and Cd?* we followed this
solution, obtaining the values from fluctuations of the heights of the Mn and Cd peaks
in the blank runs (for the composition of the blank sample, see the legend to Fig. 7 and
Table IT). The fluctuations expressed via the standard deviations of the peak heights
corresponding to ca. 5 - 107 mol/l of these cations. For a signal-to-noise ratio of 2 this
gives detection limits of ca. 107® mol/l under the experimental conditions (30-l sample
volume, operational system as described in Table I and detection at 580 nm). For both
metals this is an improvement of approximately three orders of magnitude compared
with the detection limits given by a conductivity detector. The isotachopherograms at
2.5-10"% and 5 - 107® mol/l Cd** and Mn2* (Fig. 7b and c, respectively) illustrate
their detectabilities at concentrations close to the detection limits. At this concen-
tration level the relative standard deviations of the peak heights were in the range
10-35% (higher values being obtained for the lower concentrations).

For Zn** the detection limit was lower than those for Mn?* and Cd2*.
However, problems caused by relatively high concentrations of this cation in the
chemicals used for the preparation of the leading electrolyte solutions (also after their
purification) made this value unreliable.
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Fig. 7. Isotachopherograms from the analyses of Mn?* and Cd?* at concentrations close to the detection
limits. {a) Obtained with blank solution No. II (Table IT) and serves as a reference; (b) blank solution was

spiked with 2.5 - 10~® mol/l of Mn2* (1.4 ppb) and Cd** (2.8 ppb); (c) as (b) but with double the amounts
spiked.

TABLE 11
COMPOSITIONS OF THE BLANK SOLUTIONS

Component® Blank solution”

1 i I
Ba%”* 104 10~ -
Na* 10~* 107* 2107
TMA* 1074 10~ —
Li* 107 (U 2-107¢
Tris 1074 104 2107
EACA 104 107 —
BALA 1074 1074 21073
Mg?* — — 2107
Ca?* - - 2107
Mn?* - 21078 4108
Ccd?* - 7-1078 31077
Zn?* - 8-10¢ 13107
HNO, 5-10% 5-100*% 1073

“ TMA™* = Tetramethylammonium; Tris = tris(hydroxymethyl)aminomethane; EACA = e-
aminocaproic acid; BALA = f-alanine.
® Constituent concentrations are given in mol/L.
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The calibration lines for Mn?* and Cd* * were evaluated from their peak heights
in the concentration range 5 - 1078-50 - 1078 mol/l (see Table III). It must be stressed
that the slopes of the calibration lines obtained in this way depended on the spacing
(carrying) constituents employed. This is obvious when it is considered that the
quantified metal cations migrated in the interzonal boundaries. Here, both the pH at
which the chelates were formed and the steady-state concéntrations of the chelating
agent, and hence the degree of chelate formation, were partially determined by the
spacing constituent used.

From the migration behaviours of the metal cations (Figs. 4 and 5) it can be seen
that determinations based on the peak height (peak area) measurement are a priori
restricted to a certain concentration range of the analyte for a given composition of the
leading electrolyte. An increase in the concentration of the chelating agent in the
leading electrolyte solution is effective in increasing this range only to a limited extent
as the effective mobility of the metal is also influenced in this way. Hence an
undesirable change in its migration position can result when the concentration of the
chelating agent is higher than a certain critical value. Therefore, once a leading
electrolyte of an optimum composition is employed at a certain concentration of the
analyte, only the area corresponding to the signal from the photometric detector on the
isotachopherogram provides analytical information relevant to the quantitation (the
analyte is spread along the zone of the front spacing constituent). We found that in this
instance also the length of the zone of the spacer occupied by the metal as detected by
the photometric and/or the conductivity detectors (see Fig. 3) is proportional to the
concentration of the analyte. Obviously, here it is desirable that the analyte is
preferably present only in one spacing (carrying) zone. A detailed investigation of these
alternatives in the quantitation is in progress.

Practical applicability of the proposed detection method

The photometric detection of metal cations is intended mainly for their ITP trace
analysis. In this respect, we carried out preliminary experiments with tap water
samples. The isotachopherograms in Fig. 8 were obtained in these experiments. Here,
the sample was mixed with the blank solution before the analysis. The roles of the
cations present in this solution were explained in the previous discussion. In this
particular instance we used Mg?* and Ca?" instead of Ba?* to avoid analytical
disturbances due to the precipitation of sulphate.

TABLE IIi

REGRESSION EQUATIONS AND CORRELATION COEFFICIENTS FOR Mn?* AND Cd2* IN
THE 5 - 1078-50 - 10~® mol/l CONCENTRATION RANGE

The metal cations were injected in 30-u1 sample volumes and they were present in blank solution No. II
(Table II).

Cation Regression equation® Correlation Number of
coefficient data points

Mn?* yu = 4.66 + 1.64 - 108x 0.9961 34

Cd*+ yn = 439 + 1.47 - 10°x  0.9950 34

“ yu = peak height (mm); x = concentration (mol/l).
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e

Fig. 8. Detection of Mn2*, Cd2* and Zn?" in a tap water sample. (b) A 30-ul volume of the sample mixed
with blank solution No. 111 (Table 11) was injected; a) the same volume of the blank solution mixed (1:1) with
demineralized water was injected. Other details and symbols as in Fig. 4.

When the isotachopherogram from the photometric detector obtained for tap
water (Fig. 8b) is compared with that from the blank run (Fig. 8a), it is clear that the
sample contained Zn?*, Mn?* and Cd*" at detectable concentrations. By adding
Zn?* to the sample of tap water and to the corresponding blank solution we confirmed
experimentally that the difference between the peaks of Cd** was due to the presence
of this metal in the sample and it could not be ascribed to the displacement effect of Zn
(see Fig. 6 and the accompanying discussion). These results also show that the loss of
Cd?* along the BALA zone was negligible under our experimental conditions
(compare the isotachopherograms in Fig. 6b and c).

Although our results for the analyses of the tap water samples were reproducible
and, in comparison with the above model experiments, no other disturbing phe-
nomena (e.g., due to the sample matrix) were observed, further experimental work is
essential before this promising detection method can be considered for routine use. In
this respect, at least comparative studies with analytical methods currently used in the
trace analysis of metals are required in order to evaluate its accuracy.

CONCLUSIONS

This work has shown that the photometric detection of metal cations via
their kinetically labile, light-absorbing chelates formed during the migration is
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a promising detection alternative for the trace determination of this important group
of analytes. To exploit its potential fully in the analysis of practical samples, it is
necessary to investigate a wider range of chelating agents.

However, problems inherent in the ITP separation itself as studied here for
xylenol orange will require further investigation. In this respect, the availability of
chelating agents of considerably higher purities relative to those produced, e.g., for
complexometric titrations seems very important for a better understanding of the
problems associated with losses of the analytes at low ppb concentrations.
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Laboratories, P.O. Box 20, 5340 BH Oss (The Netherlands)

SUMMARY

Reversed-phase high-performance liquid chromatography is a valuable analyti-
cal technique to support the synthesis, isolation and purification of peptides, as is
illustrated by some critical separations. In addition to this technique, capillary
isotachophoresis can give useful information on the purity determination of peptides
and on the presence of ionic compounds of a non-peptidic nature. With regard to the
latter aspect, isotachophoresis proved to be a suitable technique as a check on the
effective removal of salts after preparative high-performance liquid chromatography.

INTRODUCTION

Adequate analytical support for complicated multi-step synthetic, isolation and
purification procedures is of utmost importance in current peptide chemistry.
Moreover, the end-product, i.e., the purified peptide preparation, should meet high
quality requirements. A wide range of analytical techniques are now available to
support peptide synthesis. Among these, reversed-phase high-performance liquid
chromatography (RP-HPLC), mainly performed on alkyl-bonded silica supports, has
found wide application®. In addition, capillary isotachophoresis (ITP) has also been
successfully applied to the analysis of peptide preparations®'!.

This paper describes applications of both ITP and HPLC and the complemen-
tary nature of the information obtained is demonstrated.

EXPERIMENTAL

HPLC

All experiments were performed on an HP 1090 M liquid chromatograph
(Hewlett-Packard, Palo Alto, CA, U.S.A.) provided with a ternary solvent delivery
system, an auto-injector and autosampler and a diode-array detector. The apparatus
was equipped with a computer workstation and printer/plotter facilities.

As supporting material a reversed-phase octadecylsilica (Supelcosil LC-18DB,
3-pm particles) column (150 x 4.6 mm L.D.) (Supelco, Bellefonte, PA, U.S.A.) was

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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used. A guard column (20 x 4.6 mm I.D.) filled with the same material preceded the
analytical column.

Details of the chromatographic conditions applied in the various separations are
given in Table 1. Prior to use the mobile phases were filtered and degassed with helium.
Peptide samples were dissolved in the initial mobile phase and 100 gl of this solution,
corresponding to 10-20 ug of peptide material, were injected. Detection wasat 210 nm.
The retention times (RT) and the peak areas (%) were recorded.

Uvasol-quality acetonitrile (Merck) and ultra-pure Milli-Q water (Millipore,
Bedford, MA, U.S.A.) were used. Type HA filters (0.45 um, Millipore) were used for
the filtration of the aqueous mobile phases and Type FM filters (0.5 um) for those
containing acetonitrile.

ITp

All experiments were performed with a home-made apparatus constructed
according to Everaerts e al.'?. The polytetrafluoroethylene separation capillary was
320 mm long x 0.2 mm L.D. Resistance detection and UV detection (254 nm) were
applied. A constant electric driving current was obtained from a Wallis (Worthing,
U.K.) VCS 303/1 power supply (0-30 kV; 0-100 puA). Isotachopherograms were
recorded using a Model BD 9-725 dual-channel recorder (Kipp & Zonen, Delft, The
Netherlands).

Details of the isotachophoretic procedure were described previously!!. For the
electrolyte systems applied, see Table II.

Peptide characteristics

Human, porcine and bovine insulin were obtained from Diosynth (Oss, The
Netherlands). All other peptide preparations were synthesized by the peptide
chemistry group of Organon (Oss, The Netherlands); several of them had purposely

TABLE I
CHROMATOGRAPHIC CONDITIONS

All separations were performed at a flow-rate of 1.0 ml/min and a temperature of 45°C.

System  Mobile phase Elution profile
Time A (%) B(%) C (%)
(min)
1 (A) 0.5 M NaH,PO, + 0.05 M SOS*and H;PO,to pH 2.1 0 30 30 40
(B) Water 3 30 30 40
(C) Acetonitrile-water (60:40) 10 30 25 45
20 30 25 40
2 (A) 0.5 M Na,SO, + 0.3 M NaH,PO, and HCIO,topH 2.5 0 20 30 50
(B) Water 3 20 30 50
(C) Acetonitrile-water (60:40) 30 20 22.5 57.5
3 (A) 0.5 M NaH,PO, and H;PO, to pH 2.1 0 20 70 10
(B) Water 3 20 70 10
(C) Acetonitrile-water (60:40) 40 20 40 40

“ Sodium octanesulfonate.
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TABLE II
ELECTROLYTE SYSTEMS

System Analytes Leading electrolyte” Terminating electrolyte”

Leading ion Counter ion pH

1 Neutral and basic peptides Na* Acetate 4.50  f-Alanine-CH;COOH to pH 5.00
20 Acidic peptides/anions Cl- Histidine  5.60 MES*Tris to pH 5.60

3 Halides NO; Cadmium  5.60  Tartaric acid-NaOH to pH 5.60
4 Cations K* Acetate 4.80  f-Alanine-CH3;COOH to pH 4.80
5 Ammonium H* Chloride 2.00  Sodium citrate—HCI to pH 7.50

* Concentrations 0.01 mol/l, except for cadmium nitrate (0.004 mol/I).
® Additive to the leading electrolyte: 0.2% hydroxypropylmethylcellulose.
¢ Morpholinoethanesulphonic acid.

not been purified before use. For the primary structures of the peptides, see Table I11.

Insulin. Insulin is the well known polypeptide hormone concerned with the
regulation of the carbohydrate metabolism. It contains 51 amino acid residues
arranged in two covalently linked chains (A and B). Minor differences in primary
structure are found between the bovine, porcine and human insulins. At room
temperature and especially in acid solution insulin undergoes deamidation, principally
at the A-21 asparagine residue, which is converted into the corresponding aspartic acid
residue. For a reliable and rapid discrimination between the three insulins a clear
mutual separation is necessary between six closely related polypeptides, viz., bovine,
porcine and human insulin and their respective monodesamido (MDA) derivatives.

ACTH. The adrenocorticotropic hormone ACTH contains 39 amino acid
residues and has as its principal activity the stimulation of the adrenal cortex to
produce and release steroid hormones. The N-terminal part ACTH-(1-24) possesses
full biological activity. Fragments of ACTH-(1-24) and their analogues have been the
subject of many biological and pharmacological investigations.

Org 2766. Structure-activity studies of peptides derived from ACTH with regard
to avoidance behaviour in rats resulted in the development of the modified ACTH
fragment Org 2766. During the synthesis of this peptide in solution the histidine
residue can racemize, i.e., L-histidine may be partially converted into D-histidine.
A rapid and accurate determination of possible racemization is essential in this aspect.
For further quality control, racemization studies of the other amino acid residues are
also important.

B-Endorphin. f-Endorphin, the C-terminal 31-peptide of p-lipotropin, was
originally isolated from pituitaries of several species. It was shown to have a high
affinity for opiate-binding sites in the brain and to induce many behavioural effects.

In order to support metabolism studies of the candidate antipsychotic drug
p-endorphin-(6-17) (Org 5878), we aimed at the separation of the parent compound
and its possible metabolites. Especially the separation of f-endorphin-(6-17) from the
-(7-17), -(8-17) and -(9-17) fragments was essential in this respect.

Vasopressin. The pituitary nonapeptide 8-arginine vasopressin (AVP) is long
known for its influence on blood pressure and diuresis. Later it was found that AVP is
also involved in behavioural processes. It has been shown that the complete
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nonapeptide structure is essential for full endocrine activity while the central activity of
the 9-desglycinamide fragment [AVP-(1-8) or DGAVP] remains nearly intact.
CCK. Cholecystokinin (CCK) was originally isolated from the gastrointestinal
tract and found to be involved in digestive functions and feeding behaviour. Later,
“high concentrations, especially of a sulphated octapeptide sequence (CCK-8S), were
demonstrated to be present in several brain regions.

RESULTS AND DISCUSSION

HPLC

Over a 10-year period we have performed many critical RP-HPLC peptide
separations'*~'>. Some recent characteristic examples are given here.

B-Endorphin-(6-17) family. The application of ion-pair HPLC proved to be
necessary in the development of an adequate mobile phase system for the separation of
B-endorphin-(6-17) and fourteen fragment peptides in a 100-min run'“. If the
chromatographic parameters pH, type and concentration of the ion-pairing agent,
buffer concentration and temperature are chosen well, f-endorphin-(6-17) and its
N-terminally shortened fragments -(7-17), -(8-17) and -(9-17) are baseline separated
in a 20-min gradient run (see Fig. 1).

Insulin. At an earlier stage we reported on the separation of bovine, porcine and
human insulin and their respective MDA derivatives in a 60-min run'3. By application
of a mobile phase containing sodium sulphate and sodium dihydrogenphosphate
acidified to pH 2.5 with perchloric acid, a clear separation between the six components
is obtained within 30 min, as can be seen in Fig. 2. By comparison with a reference
insulin preparation, three-fold information is obtained in one run: identification of
species of origin, purity determination and biological potency determination. With
regards to the last aspect, insulin formulations are still tested for their potency in a
bioassay'®!7. However, applying adequate reference insulin preparations of known

700
6007
500

4004

mAU

3001 3

200
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2 4 5 8 18 12 14 16 18
Time (min )
Fig. 1. HPLC separation of f-endorphin-(6-17) and its N-terminally shortened fragments. For the
chromatographic conditions, see system I, Table L. | = B-Endorphin-(6-17);2 = «(7-17);3 = -(8-17);4 =
-(9-17). mAU = milli absorbance units.
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Fig. 2. ‘HPLC separation of insulins. For the chromatographic conditions, see system 2, Table I. | =
Bovine insulin; 2 = bovine MDA insulin; 3 = human insulin; 4 = porcine insulin; 5 = human MDA
insulin; 6 = porcine MDA insulin.

potency in combination with a well validated assay procedure, HPLC seems an
attractive alternative to the time-consuming, expensive and less reproducible bio-
assays.

ACTH fragment analogue (Org 2766). In continuation of an earlier study in
which we reported on the HPLC separation of Org 2766 and its b-histidine analogue®?,
we developed a procedure in which Org 2766 and its six single D- or L-amino acid
substituted diastereoisomeric peptides are separated in one run (see Fig. 3).

8087
7887
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588

400 s
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2001
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Fig. 3. HPLC separation of Org 2766 and its six diastereoisomers. For the chromatographic conditions, see
system 3, TableI. 1 = Org2766;2 = p-Glu analogue; 3 = p-His analogue; 4 = d-Met(0,) analogue; 5 =
C-terminal D-Phe analogue; 6 = 4-p-Phe analogue; 7 = L-Lys analogue.
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ITp

The application of ITP in peptide analysis is two-fold, viz., purity determination
of the native peptides and determination of ionic compounds of non-peptidic nature
possibly present in the preparations. ,

ITP of the peptides. As an indication of the high resolving power of ITP in
peptide analysis, we present here some characteristic examples of the separation of
closely related components.

Fig. 4 shows the separation of f,-endorphin from the (2-31) sequence in which
only the N-terminal tyrosine residue is lacking. Although this separation is critical, it is
reproducible and the considerable difference in UV response between the two peptides
is an extra help in the interpretation of the isotachopherogram. Fig. 5 shows the
separation of five closely related basic ACTH fragments. We found a good
correspondence between the effective mobilities and the calculated isoelectric point
(p) values'® of these peptides. The same holds for ACTH-(1-24) and its ~(1-10) and
-(11-24) fragments and for AVP and the desglycinamide fragment DGAVP (see Figs.
6 and 7, respectively). The isotachopherogram of the sulphated and non-sulphated
forms of an analogue of the octapeptide CCK-8 is shown in Fig. 8.

Anions and cations in peptides. During the synthesis and purification of peptides,
a wide variety of ionic compounds are applied. The ITP determination of these
non-peptidic substances in peptide preparations proves to be an important additional
" purity check.

For reference purposes a mixture of ten anions, which are frequently applied

L T L
T r_ T
1 v uv
2 V]
1
" 3 2
T 5
2
R
L R
4 T T T 1 T T T L4 T T 1f 1
17.3 V7.2 171 7.0 [ 143 14.2 141 140 139 138 0
Time (min ) Time (min )

Fig. 4. ITP separation of f-endorphin from f-endorphin-(2-31). Electrolyte system I, Table II. [ =
p-endophin-(2-31); 2 = -(1-31). R = Resistance.

Fig. 5. ITP separation of closely related ACTH fragments. Electrolyte system 1, Table II. 1
ACTH-(1-18), pl 11.5 2 = -(1-17), p/ 10.9; 3 = -(1-16)NH,, pI 10.9; 4 = (1-16), pI 10.4; 5
«(1-13)NH,, p/ 10.3.
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Fig. 6. ITP separation of ACTH-(1-24) and fragments. Electrolyte system 1, Table 11. 1 = ACTH-(11-24),
pl 11.7, 2 = -(1-24), p/ 11.0; 3 = -(1-10), pI 7.6.

Fig. 7. ITP separation of AVP and DGAVP. Electrolyte system 1, TableII. 1 = AVP,p/9.3;2 = DGAVP,
pl 8.3.

uv
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Fig. 8. ITP separation of a sulphated and a non-sulphated analogue of CCK-8. Electrolyte system 2, Table
I1. 1 = Sulphated analogue; 2 = non-sulphated analogue.
Fig. 9. ITP separation of the anion reference mixture. Electrolyte system 2, Table II. 1 = Sulphate; 2 =
formate; 3 = methanesulphonate; 4 = trifluoromethanesulphonate; 5 = trifluoroacetate; 6 = mono-
chloroacetate; 7 = acetate; 8 = phosphate; 9 = p-toluenesulphonate; 10 = [-hydroxybenzotriazole.
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during peptide synthesis and isolation, is used. The separation of this mixture is shown
in Fig. 9.

" Asmostof our peptide preparations are converted into their acetate salts, which
have good stability and are a suitable form for biological testing, we paid special
attention to the determination of acetic acid in peptide preparations’®.

An illustration of the additional information that ITP can give is the
simultaneous determination of acetic acid and trifluoroacetic acid (TFA). TFA is
frequently applied as a deprotecting agent in peptide synthesis and is also used as
a volatile modifier in preparative HPLC'®. One should ensure that in the final product
the TFA has been removed completely, e.g., by repeated lyophilization and/or by
treatment of the preparation with an anion-exchange resin in which TFA is exchanged
for acetic acid. A characteristic example of the combined use of HPLC and ITP is
shown in Fig. 10. Preparative HPLC purification of a peptide was performed with
TFA as modifier in the mobile phase. The bulk of TFA was removed by evaporation
and finally an anion-exchange treatment (Dowex 2-X8 in the acctate form) was
performed to convert the TFA salt into the acetate form. However, an ITP check on
this product indicated that a considerable amount of residual TFA was present (ratio
ofacetate to TFA = 1:0.12). Three successive ion-exchange treatments were necessary
to remove the TFA completely.

The same phenomenon as for TFA was also found for phosphate, which is also
widely used as a mobile phase additive to improve chromatographic performance?®.
As with TFA, three successive ion-exchange treatments were required to remove the
phosphate completely.

For the determination of halides we applied system 3 in Table II, which was
adapted from Bocek er al.2! as reported previously!!.

TW 1

L L

T — T T
142 141 130 129 128 0
Time (min}

Fig. 10. Check by ITP on TFA removal after preparative HPLC; (a) after one ion-exchange treatment; (b)
after three ion-exchange treatments. Electrolyte system 2, Table II. 1 = Trifluoroacetate; 2 = acetate.
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Like anionic compounds, cations are also frequently used in peptide synthesis
and purification. As with the anions, we used a cation reference mixture, the separation
of which is given in Fig. 11.

Alkylamine buffers such as triethylamine (TEA) or tetramethylammonium
(TMA) phosphate are often added to the mobile phase to reduce the non-specific
interaction of the compounds with the unreacted silanol groups of the material?*#>. In
preparative HPLC these buffer components have to be removed in the final
preparation. ITP proved to be a suitable technique for checking the desalting
procedure applied.

Non-volatile buffers such as TMA phosphate can be removed by (repeated)
ion-exchange procedures. As an alternative desalting procedure for the micrograms to
milligrams range, Béhlen et al.** proposed the use of an octadecylsilica HPLC column.
The salt-containing peptide preparation is loaded on a C, ¢ column and elution of the
salt ions is performed with an aqueous mobile phase, whereas the peptide in question is
retained on the hydrophobic support. Elution of the peptide is achieved with an
organic solvent-containing mobile phase (methanol, n-propanol). The effectiveness of
the desalting procedure is monitored by on-line conductivity measurement.

We applied this procedure in the desalting of several peptides of different nature,
in which we monitored not only the UV but also the conductivity signal. As expected,
not only the salt fractions but also the peptide itself, in a sense being an amphoteric
electrolyte, gave an increase in conductivity. Hence the possible co-elution of peptide
and residual salt could not be deduced from the HPLC conductivity signal. A careful
check of the HPLC-desalted fractions with the sensitive ITP technique indicated that
up to 4% of residual TMA salt was present, although the HPLC conductivity

R
T T T T T 1 Il/_"
10,6 10.5 10.4 10.3 10.2 101 0
Time (min |
Fig. 11. 1TP separation of the cation reference mixture. Electrolyte system 4, Table II. 1 = Hydrazine; 2 =

sodium; 3 = trimethylamine; 4 = tetramethylammonium; 5 = pyridine; 6 = piperidine; 7 = 4-dimethyl-
aminopyridine; 8 = N-ethylmorpholine; 9 = N,N-diisopropylethylamine; 10 = triethylamine; 11 =
dicyclohexylamine. :
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monitoring has led us to believe that we had removed all of the salt present!®. A more
efficient desalting procedure proved to be ultrafiltration. Applying a filter with
a cut-off range of 500 daltons (Amicon UM 05), complete removal of TMA from
a DGAVP preparation was obtained?.

In the application of the check by ITP on the effective salt removal in peptide
preparations, care should be taken to avoid misinterpretation due to the co-migration
of the salt ion and the peptide under investigation. This is illustrated by the basic
peptide ACTH-(1-24), which was purified by preparative HPLC using a mobile phase
containing the volatile salt TEA formate. To control the effectiveness of the TEA
removal by lyophilization, we performed ITP in the normally applied cation system at
pH 4.8 (see Table II, system 4). However, owing to co-migration of the peptide and
TEA, only one zone was monitored in an ACTH-(1-24)-TEA reference mixture.
Lowering the pH of the system to 4.5 had no effect. However, increasing the pH to 5.1
resulted in the clear separation of the two components (see Fig. 12).

Ammonium-containing buffers have also been proposed as a separation-im-
proving medium in preparative HPLC?®. Ammonium acetate is generally considered
to be volatile, soin theory it can be removed fairly easily by lyophilization of the pooled
HPLC fractions. Two control this procedure by ITP, the “general” cation system
cannot be applied owing to the high effective mobility of the ammonium ion. For this
reason we developed an electrolyte system in which ammonium can be determined
adequately!!.

Application of this system to three ammonium acetate-containing peptides of
basic, neutral and acidic nature indicated that the degree of salt removal depends
strongly on the nature of the peptide. With the basic peptide two lyophilization steps
were necessary to remove the salt to a level of less than 1%; the neutral peptide required
an additional step to attain this 1% level and finally the acidic peptide contained up to
9% ammonium even after three lyophilization steps (see Table IV).

142 142

L

T T T T T "H
"2 N1 Mo 109 108 ©
Time {min )

Fig. 12. Influence of pH on the separation of ACTH-(1-24) and TEA. Electrolyte system 4, Table 11. (a)
Blank; pH set at (b) 4.5, (c) 4.8, (d) 5.1. | = TEA; 2 = ACTH-(i-24).
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TABLE IV

RESIDUAL AMMONIUM IN PEPTIDES AFTER ONE, TWO AND THREE LYOPHILIZATION
STEPS

Peptide nature Ammonium (wt.-%)

Step 1 Step 2 Step 3

Basic 14 0.9

Neutral .42 21 1
Acidic 49 28 9
CONCLUSION

Owing to its versatility in performance and its high separation power, HPLC is
an established technique in peptide chemistry. In the analytical mode HPLC can give
information on both chemical and optical purity. Moreover, HPLC can be used to
determine the species of origin of a preparation (e.g., insulin) and in the determination
of the biological potency of a peptide. ’

Characteristic general features of carrier-free capillary I'TP are a high resolution
capacity, high sensitivity (nanogram range), simultaneous determination of various
anions or cations, easy performance, short analysis time, small amount of sample
preparation needed (0.1-1 mg), low running costs and the absence of undesirable
analyte—carrier interactions.

The ITP technique complements the HPLC method regarding the analysis of
peptides. For a check on the purity of the peptide itself ITP is a valuable alternative. In
this respect it is important to bear in mind that the ITP approach to purity
determination is based on a different physico-chemical parameter, viz., electrophoretic
mobility, than that used in RP-HPLC analysis, in which the peptide hydrophobicity is
the main separation mechanism. Moreover, ITP may give a general indication of the p/
value of a peptide under investigation.

Complementary to this information, ITP is a reliable and sensitive technique for
determining quantitatively non-peptidic ionic compounds in preparations (inter-
mediates and end-products). A wide variety of anions and cations used in peptide
synthesis and the purification of a peptide are easily monitored. The use of ITP as
a check on the effective removal of unwanted mobile phase components introduced by
preparative HPLC employed for peptide purification is especially illustrative.

In our opinion, the ITP technique is a most valuable addition to the current
methods of analysis in the peptide field.
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INVESTIGATIONS ON THE INTERFERON-INDUCED 2'-5 OLIGOADENY-
LATE SYSTEM USING ANALYTICAL CAPILLARY ISOTACHOPHORESIS
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SUMMARY

The activity of the interferon inducible enzyme 2'-5' oligoadenylate synthetase
(2-5A synthetase, E.C. 2.7.7) which converts ATP into a series of 2'-5" oligoadeny-
lates was measured using analytical capillary isotachophoresis. The turnover rate of
ATP during the reaction was monitored by determination of its concentration at the
beginning and the end of the 2-5A synthetase reaction. The enzyme was analysed in
extracts of peripheral blood mononuclear cells either pretreated or not with interfe-
ron.

INTRODUCTION

Interferons are (glyco)proteins with antiviral, antiproliferative and immunoreg-
ulatory effects’. After interaction with cell surface receptors, the interferons cause
several metabolic changes in the cells including the activation of the 2-5A system?: an
enzyme, the 2-5A synthetase, is produced de novo, converting ATP into a series of
2'-5" oligoadenylates:

n ATP — pppS'A2(pS'A),-, + (1—1)PP  (n = 2-14)

These oligoadenylates activate an endoribonuclease (RNaseL) which splits mRNA,
finally resulting in inhibition of protein synthesis. The determination of 2-5A syn-
thetase in mononuclear blood cells has been used clinically as a response parameter
during therapy with interferon®. Most methods described in the literature use assays
with radioactively labelled compounds. Here we describe a non-radioactive test sys-
tem using analytical capillary isotachophoresis.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Preparation of cell lysates

Peripheral blood mononuclear cells (PBMNCs) were isolated using lympho-
prep gradient centrifugation. The cells were cultivated at 37°C for 18 h either in the
absence or presence of interferon-beta (Fiblaferon; Bioferon, Laupheim, F.R.G.);
1000 U/ml cell suspension (2 - 10° cells/ml). Cell lysis was carried out using a buffer
solution containing 0.5% Nonidet-P 40.

2-54 synthetase assay

A 20-50 pl volume of cell lysates (2 - 10° cells per 100 ul) was incubated with
Poly(IC)-agarose beads (Pharmacia, Freiburg, F.R.G.) for isolation of the 2-5A syn-
thetase. Thereafter, the beads were added to 25 ul incubation buffer containing ATP
(5 mM) and creatine phosphate (10 mM)/creatine phosphokinase as an ATP-regener-
ating system. The incubation was carried out at 30°C for up to 20 h. Aliquots of the
reaction mixture were withdrawn for isotachophoretic analysis at the beginning and
the end of the incubation period (diluted 1:10 in water). A more detailed description
of the incubation conditions is given in ref. 4.

Isotachophoresis

The isotachophoretic analysis was carried out on an LKB Tachophor 2127
equipped with an UV (254 nm) and conductivity detector. Current during signal
registration: 75 uA. Analyses were carried out at 15°C. Leading electrolyte: 0.01 M
HCl-f-alanine, pH 3.65 +0.3% (w/v) methylcellulose. Terminating electrolyte: 0.01
M caproic acid. Usually, 6.7-ul samples from the reaction mixtures were injected
diluted (usually 1:10) into the Tachophor. Chart speed during detection: 10 cm/min.
Capillary: 23 cm x 0.5 mm 1.D.

Conversion of ATP into ADP

ATP-containing samples (1-5 mmol/l) were incubated with a solution of glu-
cose (10 mM) and hexokinase (10 U/ml) for 1 h at 37°C. Under these conditions, ATP
is quantitatively converted into ADP. Isotachophoresis was carried out after dilution
of samples (1:10).

RESULTS AND DISCUSSION

Isotachopherogram of ATP in the incubation mixture

In contrast to ADP, AMP and the 2'-5"-oligoadenylates, ATP did not yield a
sharp rectangular signal when dissolved in the incubation mixture for the 2-5A syn-
thetase reaction. The reason is not clear; using phosphate-buffered saline, neither the
presence nor absence of Mg?* and Ca®?* nor of EDTA influence this ATP signal.
Rectangular ATP signals were observed only in aqueous solution (Fig. 1a). There-
fore, it was advantageous to convert the reaction mixture into ADP for a more
accurate determination of the ATP concentration at the beginning and the end of the
2-5A synthetase reaction. This was done using the glucose-hexokinase reaction. Un-
der these conditions, evaluation was possible even at small ATP-turnover rates dur-
ing the 2-5A synthetase reaction (Fig. 1b). Fig. 2 shows the calibration graph for
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Fig. 1. Isotachopherograms of (a) ATP dissolved in 2-5A synthetase buffer and (b) the same ATP
solution in 2-5A synthetase buffer after incubation with glucose-hexokinase.

ATP obtained by measuring the zone lengths of ADP after the glucose—hexokinase
reaction.

Changes of the ATP concentration during the 2-5A synthetase reaction

For determination of the 2-5A synthetase activity, the decrease in ATP concen-
tration during the incubation period (up to 20 h) was measured. Because of this long
incubation time it was necessary to measure potential non-specific ATP decomposi-
tion: Fig. 3a,b shows that non-specific destruction does not occur, probably because
of the high efficacy of the ATP-regenerating system, creatine phosphate—creatine
phosphokinase, in the incubation mixture. The conversion of ATP into 2’5’ oligo-
adenylates in the presence of 2-5A synthetase is shown in Fig. 3c. In the example

A
20| zone length (mm) ADP

10

v

R .2 3 4 .5
ATP  (mmol/t)

Fig. 2. Calibration graph for different amounts of ATP (1-5 mmol/l) after conversion into ADP using the
glucose-hexokinase reaction (samples diluted 1:10 prior to isotachophoresis).
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Fig. 3. Isotachopherograms of the 2-5A synthetase reaction. (a) At the start of the reaction; (b) after
incubation for 20 h without 2-5A synthetase (lysis buffer instead of cell lysates was used); (c) after in-
cubation for 20 h, in the presence of 2-SA synthetase lysate of 1 - 10° cells incubated with Poly(IC)-agarose
beads.
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Fig. 4. Isotachopherograms after incubation for 20 h using Poly(IC)-agarose beads loaded with extracts of
5. 105 PBMNC, (a) not pretreated with interferon, (b) treated with interferon-beta (1000 U/ml cell
suspension, incubation time 18 h at 37°C).
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given the turnover of ATP during a 20-h incubation period caused by 2-5A syn-
thetase present in the lysate of 1 - 10° PBMNGC, is depicted: 50.7% of the amount of
ATP present at the beginning of the reaction were transformed to 2'-5' oligoadeny-
lates; therefore, the activity of this cell lysate can be given as the consumption of 3.15
nmol ATP per hour per 10° cells.

Influence of pretreatment of PBMNC with interferon on the 2-5A synthetase activity

Fig. 4 shows the ATP signal after incubation for 20 h using 2-5A synthetase
isolated from 20-ul lysates of PBMNCs compared with the signal obtained from 20-4l
lysates of PBMNC:s that were pretreated with 1000 U interferon-beta for 18 h. Simul-
taneously with the decline of the ATP signal, the signals of oligoadenylates increase.
The ATP turnover rate using the extracts from cells pretreated with interferon was
8.75 nmol ATP per hour per 10° cells, and that in lysates of PBMNCs not pretreated
with interferon was 4.46 nmol ATP per hour per 10° cells; i.e., treatment with in-
terferon led to a 1.96-fold increase in 2-5A synthetase activity.
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Fig. 5. Isotachopherograms of commercially available 2'-5" oligoadenylates. (a) 2-SA trimer
(pppA2'p5'A2'pS’A), 2.3 mmol/l; (b) 2-5A tetramer (pppA2'pS’A2'pS'A2'pS'A), 2.3 mmol/l; (c) tacho-
gram of a mixture consisting of ATP (0.4 mmol/l), ADP (0.4 mmol/l), AMP (0.4 mmol/l), 2-5A trimer
(0.17 mmol/l), 2-5A tetramer (0.17 mmol/l) and creatine phosphate (1.0 mmol/1); sample volume 6.7 ul.
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Fig. 6. Characterization of the isotachopherogram of the 2-5A synthetase reaction. (a) After incubation
for 20 h; (b) after addition of 2-5A trimer [1 pl 2-5A trimer (50 nmol) + 9 ul reaction mixture].

Isotachophoretic characterization of 2’5" oligoadenylates

Fig. 5a shows the isotachopherogram of pppA2'p5’A2'p5'A (2-5A trimer), Fig.
5b that of the 2-5A tetramer (pppA2'p5'A2'p5'A2'p5'A). Both commercially avail-
able compounds contain impurities. The net mobilities of the trimeric and tetrameric
forms representing the major fraction of oligoadenylates formed during the 2-5A
synthetase reaction are very similar, therefore they cannot be separated from each
other by isotachophoresis using the system described here. This is demonstrated in
Fig. 5¢: in a synthetic mixture of ATP, ADP, AMP, creatine phosphate, 2-5A trimer
and 2-5A tetramer only the two oligoadenylates were not separated. Separation was
also not possible in the presence of spacer molecules (Ampholine carrier ampholytes,
LKB; pH 3.5-10; data not shown). However, for the estimation of the activity of
2-5A synthetase, this fact is not relevant because it is more advantageous to deter-
mine the decrease in ATP instead of the heterogeneous population of 2-5 oligoadeny-
lates that is formed during the 2-5A synthetase reaction. Although a series of differ-
ent oligoadenylates are formed, preferentially the trimeric and the tetrameric forms,
only one additional peak appears in the isotachophoregram. Evidence that this sec-
ond peak consists of 2-5 oligoadenylates formed during the 2-5A synthetase reaction
was obtained by substitution of 2-5A as shown in Fig. 6: after addition of 2-5A
trimer to the 2-5A synthetase reaction mixture after incubation for 20 h, no addition-
al peak appeared, but the zone length of the second peak increased.

In conclusion, analytical capillary isotachophoresis can be successfully used for
determination of 2-5A synthetase activity, especially when small numbers of samples
are to be analysed. The determination of nucleotides is highly reproducible, therefore
also very small turnover rates of enzymatic reactions can be measured accurately.
This is especially advantageous in the case of the 2-5A synthetase reaction because it
is difficult to perform the assay under ATP-saturated conditions®.
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APPLICATION OF CAPILLARY ISOTACHOPHORESIS TO THE ANALYSIS
OF GLUTATHIONE CONJUGATES

D. TSIKAS and G. BRUNNER*

Division of Gastroenterology and Hepatology, Medizinische Hochschule Hannover, Podbielskistrasse 380,
D-3000 Hannover 51 (F.R.G.)

SUMMARY

An analytical capillary isotachophoretic method has been applied for the
quantitative assay of reduced glutathione (GSH) conjugates produced by the cytosolic
enzyme GSH S-transferase. The donor molecule GSH in reduced and oxidized
(GSSG) forms and the GSH conjugates of at least two electrophilic acceptors can be
assayed in a single analysis. This technique also permits the quantitative assay of
further metabolites of GSH conjugates including mercapturic acids. The total analysis
time was of the order of 30 min. The sensitivity of the method is sufficient for the
accurate detection of 0.15 nmol GSH conjugate of 1-chloro-2,4-dinitobenzene and
p-nitrobenzyl chloride, 0.2 nmol GSH conjugate of 1,2-epoxy-3-(p-nitrophenoxy)-
propane and 0.15 nmol GSH. The present method is simple, accurate and does not
require radioactively labelled compounds or separate analytical procedures.

INTRODUCTION

Reduced glutathione (GSH) S-transferases (GST) (E.C. 2.5.1.18) are a key phase
IT enzyme system, initiating the detoxification of potentially alkylating physiological
and exogenous agents including drug metabolites'~*. These enzymes catalyze the
conjugation of GSH with a variety of electophilic toxic compounds to GSH
conjugates. The latter are further metabolized in the mercapturic acid pathway to the
corresponding mercapturic acids, which are excreted in bile and urine.

Several analytical methods have been developed for the quantitation of GSH
conjugates, including radioimmunoassay®, ion-exchange high-performance liquid
chromatography (HPLC)®7 and reversed-phase HPLC (RP-HPLC) with UV and
fluorescence detection®®. The ion-exchange HPLC method with precolumn deriva-
tization with o-phthaldialdehyde, recently described by our group’, is suitable for the
detection of all GSH conjugates and GSH. However, this method does not allow the
determination of mercapturic acids. By using the RP-HPLC method with UV
detection, GSH conjugates and mercapturic acids can be sensitively detected but not
GSH and oxidized glutathione (GSSG)®. Furthermore, the chromatographic methods
require particularly large sample volumes and elaborate sample preparation. An
optimum method for the investigation of metabolic studies would allow simultaneous
measurement of all these major compounds of the mercapturic acid pathway.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Capillary isotachophoresis has proved useful for the quantitation of a wide
range of ionogenic organic compounds and inorganic ions. Recently, this technique
has been reported to allow the simultaneous analysis of GSH in reduced and oxidized
forms!®. Since all GSH conjugates involve GSH in their molecules, they could
theoretically also be determined by capillary isotachophoresis. Holloway and
Battersby! have recently reported that this technique can also be applied to the
determination of GSH conjugates. Parallel and independent of this group, we
investigated the applicability of analytical capillary isotachophoresis to the analysis of
GSH conjugates and mercapturic acids. Capillary isotachophresis offers three major
advantages: (a) a rapid analysis without extraction steps; (b) detection of GSH
conjugates of which the original substrates do not show UV absorbance, fluorescence
or radioactivity and (c¢) simultaneous detection of GSH, GSH conjugates and
mercapturic acids.

This paper demonstrates the applicability of the analytical capillary iso-
tachophoretic technique to the analysis of GSH conjugates. This technique has been
applied'® for the study of GSH conjugation reactions catalyzed by cytosolic
glutathione S-transferase (GST). Furthermore, it has been extended to the determina-
tion of mercapturic acids.

EXPERIMENTAL

Chemicals and reagents

GSH, GSSG, N-acetylcysteine, 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP)
and the GSH conjugate of p-nitrobenzyl chloride (PNBC) were obtained from Sigma
(Miinchen, F.R.G.), phenylglycidether (PGE) from Fluka (Neu-Ulm, F.R.G.),
styrene oxide (SE) from Janssen (Nettetal, F.R.G.) and hydroxypropylmethylcellulose
(HPMC) from Ega-Chemie (Steinheim, F.R.G.). These chemicals were of the highest
quality available. All other chemicals were from Merck (Frankfurt/Main, F.R.G.).

Exogenous conjugates (except for PNBC-SG) and mercapturic acids were
prepared non-enzymatically from the corresponding substrates and GSH or N-
acetylcysteine in an ethanolic solution of sodium hydroxide at 25°C. Buffer solutions
of these substances were used as standards for calibration of zone lengths.

Cytosol containing large amounts of GST was prepared from liver homogenates
of rats by a standard centrifugation technique (200000-g fraction) using 0.1
M Tris—-HCI, pH 7.4, containing 1 mM ethylenediaminetetraacetic acid (EDTA) and
1.15 g% KCl for homogenization of the fresh liver (20%, w/v). Protein concentrations
were determined by the method of Bradford!Z,

Apparatus

The isotachophoretic analyses were performed on the LKB 2127 Tachophor
(Bromma, Sweden) fitted with a poly(tetrafiuoroethylene) capillary (23 cm x 0.5 mm
I.D.and 40 cm x 0.5 mm 1.D.). All analyses were carried out at ambient temperature.
The zones were detected by UV (254 nm) and conductivity detection.

Methods
Two electrolyte systems were employed. System A: the leading electrolyte system
was 5 mM HCI, corrected to pH 7.0 by the addition of Tris, and containing 0.25 g%
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HPMC. The terminating electrolyte was 10 mM phenol, adjusted to pH 10.0 by the
addition of freshly prepared and filtered barium hydroxide solution. System B: the
leading electrolyte was 10 mM HCI, corrected to pH 3.3 by the addition of f-alanine,
and containing 0.25 g% HPMC. The terminating electrolyte was 10 mM hexanoic
acid. System B was previously employed by our group in the assay of glucuronides
derived from phenolic compounds'?®. Separations were carried out at an initial
constant current of 50 pA, which was reduced to 25 uA when the voltage reached 10
(system A) or 8 kV (system B). The terminator passed the detectors at a potential of
around 10 (system A) and 8.4 kV (system B) at 25 uA. The injection volume was 1--5 ul.
The total analysis time was in the order of 30 min.

GSH conjugation reactions were carried out in 0.1 M Tris=HCI or 0.1
M potassium phosphate buffer, each of pH 6.5, containing GSH at a concentration of
2.5-5mM. The acceptor concentration was varied in the range of 0.5-5 mM. Because
of the low water solubility of the acceptors, their solutions were prepared in ethanol.
The final ethanol concentration in the assay mixture was less than 5% (v/v). The total
protein concentration in the assay mixture ranged from 0.1 to 1.0 mg/ml. The
enzymatic reaction was stopped by rapid mixing with ice-cold methanol (1:1, v/v). As
references for the isotachophoretic analysis of the GSH conjugation reactions,
photometric and HPLC techniques were employed!''#.

The width of an UV-absorbing zone was measured at half its height and was
converted into units of time according to the set chart speed. The width of
a non-UV-absorbing zone was estimated at half the height of the lower absorbing
neighbouring peaks, which can either be sample zones or a peak due to an impurity.

RESULTS AND DISCUSSION

Fig. | shows isotachopherograms of an incubation mixture at an early and later
stage of the enzymatic GSH conjugation of SE, respectively. GSSG and SE-SG appear
as slight UV-absorbing zones, while GSH gives a non-UV-absorbing zone. GSSG
shown in Fig. 1 is derived from GSH by autooxidation during incubation. Fig.
1 demonstrates that GSH conjugates, the cosubstrate GSH and the non-conjugating
GSSG can be determined in a single analysis. Since all electrophilic substrates used in
this study are neutral molecules, they cannot be detected by this method. The order of
migration of the organic anions involved in this study from high to low mobility was
GSSG, GSH, mercapturic acid and GSH conjugate by using both electrolyte systems.

The calibration graphs obtained by injection of the reference substances were
linear for the range 1-25 nmol. Fig. 2 shows an example for GSSG, GSH and SE-SG.
The slopes of the calibration plots for GSH, GSSG, some GSH conjugates and the
mercapturic acid of 1-chloro-2,4-dinitrobenzene (CDNB) by using both electrolyte
systems are given in Table I. As can be seen from this Table, the zone widths of all
substances measured by using system A were longer than those obtained by using
system B. These differences may result from the different pH values of the leading
electrolytes used in the two systems.

Fig. 3a-d show isotachopherograms obtained by using system A from separate
incubations of CDNB, PNBC, EPNP and PGE with GSH and rat liver cytosolic GST.
Fig. 4a and b show isotachopherograms from a separation of a mixture of PNBC-SG
and PGE-SG obtained by using systems A and B respectively. Complete separation
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Fig. 1. Isotachopherograms from an incubation of SE (4.4 mM) with GSH (5 mM) and cytosolic GST (0.3
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TABLE I

ZONE LENGTHS FOR A SERIES OF SUBSTANCES OBTAINED IN THE TWO ELECTROLYTE
SYSTEMS

Substance injected Slope of plot (s{nmol)

System A System B

GSH 10.4 7.0
GSSG 18.9 12.1
SE-SG 12.5 —

PGE-SG 13.2 7.7
PNBC-SG 12.8 8.1
EPNP-SG 12.1 7.2
CDNB-SG 11.8 -

CDNB-mercapturic acid 12.0 -
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Fig. 3. Isotachopherograms from separate GSH conjugation of (a) CDNB, (b) PNBC, (c) EPNP and (d)
PGE in the presence of rat liver cytosolic GST; system A, 23-cm capillary.
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was achieved with both systems. Fig. 5a and b show isotachophoretic separations of
a mixture of PNBC-SG, PGE-SG and EPNP-SG carried out by using the two
electrolyte systems. With both systems a separation of this ternary mixture of GSH
conjugates was achieved. The peaks of the GSH conjugates appeared in the same order
of migration in both systems (Figs. 4 and 5). Although the GSH conjugates
investigated have similar chemical structures, mixtures of at least two conjugates can
be clearly separated by using this analytical capillary isotachophoretic method. It was
shown that GSH and GSSG in mixtures of GSH conjugates do not disturb the
separation of the conjugates. While higher resolution of the GSH conjugates was
achieved by using system B, the use of system A led to a more sensitive determination.
Differences in resolution between systems A and B as well as between our data and
those of Holloway and Battersby'' may be explained by disturbances from the
terminator zone caused by OH ™ in our unbuffered terminating electrolyte (high pH).

Generally, GSH conjugates are metabolized to mercapturic acids and excreted in
urine or bile after further metabolism in the kidney. Therefore, it was of interest to
investigate whether capillary isotachophoresis also allows the determination of
mercapturic acids, which are GSH derivatives. Fig. 6 shows an isotachopherogram
obtained after complete reaction of 1 mM CDNB with a ten-fold molar excess of
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Fig. 4. Isotachopherograms from the separation of a mixture of PNBC-SG and PGE-SG obtained in the
electrolyte systems A (a) and B (b).
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Fig. 5. Isotachopherograms from the separation of a mixture containing PNBC-SG, PGE-SG and
EPNP-SG obtained by using the electrolyte systems A (a) and B (b).
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Fig. 6. Isotachopherogram from an incubation of | mM CDNB with 10 maM N-acetylcysteine in alkaline
solution after complete reaction.
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N-acetylcysteine in alkaline aqueous solution. The mercapturic acid of CDNB appears
in the isotachopherogram as a strongly UV-absorbing peak. An addition of GSH,
GSSG and CDNB-SG to this mixture resulted in a complete separation of the
mercapturic acid from these substances.

The method presented has been applied to the study of reactions for which GSH
is a substrate. In Fig. 7 the kinetic profile derived from the isotachophoretic analysis of
the enzymatic GSH conjugation of SE at different pH values of the incubation mixture
is given. For simplicity, concentration—time courses only of the SE-SG are shown. The
decrease in GSH concentration was nearly proportional to the increase of SE-SG.
Throughout the incubations the amount of GSSG formed from GSH by autooxida-
tion was negligible (<5%). The higher the pH the higher is the enzymatic and
non-enzymatic (not shown) GSH conjugation rate of SE. At pH 9.2 the enzymatic and
non-enzymatic reaction rates are equal. This results from the high reactivity of SE and
the strong riucleophilicity of the SH group of GSH at high pH values (pK, SH = 9.2).
The pH optimum for the enzymatic GSH conjugation of exogenous and endogenous
epoxides was found to be 8.2-8.5'*. The application of this isotachophoretic method
to the determination of GSH stability in various complex media was previously
described 4.

The reproducibility and accuracy of the method were checked by repeated
isotachophoretic analysis of standard solutions of GSH and EPNP-SG with both
electrolyte systems. The specific zone lengths (s/nmol) for GSH obtained from
analyses on different days were (mean + S.D.) 10.38 + 1.12 for system A (n = 8)and
6.62 + 0.48 for system B (n = 6). The specific zone lengths (s/nmol) for EPNP-SG
determined by injections on different days were found to be (mean + S.D.) 11.96 +
0.384 for system A (n = 4) and 7.36 + 0.45 for system B (n = 4). The standard
deviations for GSH and EPNP-SG determined within the same day were of the order
of +0.2.

The sensitivity of the method was sufficient for the accurate detection of 0.1
nmol GSSG, 0.15 nmol GSH, CDNB-SG and PNBC-SG respectively and 0.2 nmol
EPNP-SG, when the electrolyte system A was used. The sensitivity could be drastically
increased if fluorescence detectors were used. Furthermore, since isotachophoretic

w

-

~

SE-SG concentration (mM)
w

0 30 60 90 time (min)

Fig. 7. Kinetic profile derived from the enzymatic GSH conjugation of SE at pH 7.4 (O), 8.5 (O) and 9.2
(D).
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analysis of glucuronidation, sulphation and GSH conjugation reactions is possible
with the same electrolyte system (system B), we have now started to investigate the
applicability of this analytical technique to the simultaneous detection of
glucuronides, sulphates and GSH conjugates.

CONCLUSION

The present capillary isotachophoretic method allows a rapid, sensitive and
simultaneous determination of at least two GSH conjugates, GSH and GSSG without
the need for radioactively labetled compounds or separate analytical procedures. This
method also permits the simultaneous determination of GSH conjugates and the
corresponding mercapturic acids. The major advantage of this analytical method is its
general applicability to the study of reactions involving GSH as substrate.
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SPACER PERFORMANCE IN THE CATIONIC ISOTACHOPHORESIS OF
PROTEINS

FREDERICK S. STOVER
Central Research Laboratories, Monsanto Co., 800 N. Lindbergh Blvd., St. Louis, MO 63167 (U.S.A.)

SUMMARY
L]

Performance of narrow range ampholytes and a discrete spacer mixture is eval-
uated for improved protein separations by cationic isotachophoresis. A spacer mix-
ture containing 22 cations is developed and relative step heights of components are
presented. Different ampholytes and the discrete spacer give unique results for test
mixtures of model proteins. While no spacer mixture can be universally recommend-
ed, discrete spacers offer the possibility of optimizing separations based on compo-
nent selection. An example of optimizing a separation of five model proteins is pre-
sented.

INTRODUCTION

In a previous paper?®, the potential for cationic isotachophoresis (ITP) sep-
arations of proteins in potassium acetate-acetic acid electrolytes was demonstrated.
Cationic I'TP of proteins is characterized by wide applicability, low ug/ml detection
limits and good quantitative linearity. In addition, complete resolution of proteins is
seen if relative step height differences (mobility differences) are greater than ca. 10%.
One difficulty with the method is the visualization of protein resolution from UV
signals. While wide range ampholytes are effective for spacing cationic protein mix-
tures, use of these spacers results in sample/spacer mixing, reduced sensitivity and
broadened zone profiles.

Advantages of discrete spacers for protein ITP in anionic systems have been
discussed, both for serum® and model protein® separations. This work investigates
the use of narrow range ampholytes and discrete spacer mixtures for improved resolu-
tion in cationic protein ITP. A mixture of 22 cations is used for discrete spacing and
advantages vs. ampholytes are seen. Spacer performance is seen to be mixture-de-
pendent, but optimized separations can be obtained using the flexibility inherent in
discrete spacing.

EXPERIMENTAL

Proteins, amino acids, 2-amino-2-methyl-1,3-propanediol (ammediol), galacto-
samine, tris(hydroxymethyl)aminomethane (Tris) and lyophillized human serum
were obtained from Sigma (St. Louis, MO, U.S.A)). Triethanolamine, potassium

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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acetate and glacial acetic acid were obtained from Fisher Scientific (Pittsburgh, PA,
U.S.A.). Other amines or salts were obtained from either Aldrich (Milwaukee, W1,
U.S.A)) or Eastman Kodak (Rochester, NY, U.S.A)).

The 22-ion discrete spacer mixture was prepared by diluting appropriate
amounts of the compounds or salts to a final concentration of ca. 50 ug/ml of each
cation in water. Ampholyte solutions (1%) were prepared by diluting 5 ul LKB
Ampbholines® (Bromma, Sweden) with 200 ul water. The leading electrolyte was 10
mM potassium acetate adjusted to pH 4.5 with 10% acetic acid, and the terminating
electrolyte was 10 mM acetic acid. Distilled, de-ionized water was used for all spacer
and electrolyte dilutions. Model protein mixtures were prepared by diluting weighed
amounts in the leading electrolyte. Human serum was reconstituted by diluting 20 mg
lyophillized powder with 200 ul water.

Cationic I'TP was run on an LKB 2127 Tachophor isotachophoresis instrument
using a 200 mm x 0.8 mm PTFE capillary and an LKB 2127-140 conductivity-UV
detector. UV detection was performed at 280 nm. Separation currents were 250 uA
for 10 min and detection currents were 50 puA. UV and conductivity signals were
recorded on a Kipp and Zonen (Delft, The Netherlands) BD-41 strip chart recorder
at a chart speed of 1.2 cm/min.

RESULTS AND DISCUSSION

Narrow range ampholytes and discrete spacers were evaluated for their per-
formance in cationic ITP. For discrete cationic spacing, a mixture of 22 alkylammoni-
um ions and amino acids or derivatives thereof was tested. Discrete spacer compo-
nents and their relative step heights (rsh) are listed in Table I. Numerous compounds
tested as spacers were not included in the final mix. Several components failed to

TABLE 1

PERCENT RELATIVE STEP HEIGHTS OF SPACER CATIONS AND PROTEINS IN pH 4.5 PO-
TASSIUM ACETATE-ACETIC ACID ELECTROLYTE

rsh(%) rsh(%)
Tetraethylammonium 42 Dodecylamine 72
Ammediol 47 Dodecyltrimethylammonium 74
Triethanolamine 50 Tributylamine 76
Tris 52 Carbonic anhydrase (CAN) 85
Lysozyme (LYS) 52 Trypsinogen (TRP) 85
Cytochrome ¢ (CYC) 33 e-Aminocaproic acid 87
Lysine 56 8-Aminocaprylic acid 88
Creatinine 57 Tetrabutylammonium 90
Myoglobin (MYO) 57 y-Aminobutyric acid 94
Histidine 59 Cetyltrimethylammonium 95
Tripropylamine 62 Conalbumin (CAL) 95
Galactose amine 63 Tetrapentylammonium 98
Tetrapropylammonium 67 p-Lactoglobulin B (BLB) 103
Glycylhistidine 68 f-Lactoglobulin A (BLA) 105
Arginine 70 f-Alanine 124

Ribonuclease A (RNA) 71 Ovalbumin (OVA) 150
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migrate in the pH 4.5 electrolyte (glycine, glycylglycylglycine, tricine, N-acetylhisti-
dine, betaine). Other cations had high mobilities, which made them inappropriate for
spacing proteins (Li*, ethylenediamine, choline, pyridine, 4-methylmorpholine). Fi-
nally, UV absorbance at 280 nm ruled out other potential spacers (diphenylguani-
dine, 4-hydroxypyridine, adenine).

The final 22-spacer mixture contains components at rsh 42—124%. Spacer mo-
bilities are distributed across this range, but several gaps occur at rsh 76-87 and
98-124%. Relative step heights were determined from injections of single spacer
cations, and no attempt was made to assess their separability.

A comparison of mobility distributions for the different spacer solutions tested
is shown in Fig. 1. Conductivity traces are given for the electrolyte blank, four am-
pholyte solutions (pH 3.5-10, 3.5-5, 5-8 and 7-9) and the discrete spacer mixture. As
expected, pH 3.5-5 ampholyte contains predominantly low-mobility species while pH
7-9 contains predominantly high-mobility species. The discrete spacer mixture shows
a mobility distribution similar to pH 7-9 ampholytes, but with more distinct zones
observed on the conductivity trace.

clj
ﬁw

16 18 20 min

PEEN

Fig. 1. Isotachopherograms for (a) electrolyte blank and injections of 0.5 zil 1% ampholytes pH, 3.5-10 (b),
3.5-5(c), 5-8 (d), 7-9 (e) and S pl (f) discrete spacer mixture. K* = leader, H* = terminator. C axis is
decreasing conductivity.
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TABLE II
SPACER DISTRIBUTION (%) IN DIFFERENT STEP HEIGHT RANGES

rsh(%)  Ampholyte pH range

35-10  35-5 3-8 7-9 Discrete
<50 17 3 3 9 16
50-100 25 9 2 53 65
>100 58 88 71 38 19

Close inspection of mobility distributions reveals that all ampholytes tested
have low mobility components, even pH 7-9 ampholytes. Table II lists the percent of
total spacer zones at different rsh values. Narrow range ampholytes have components
in all mobility ranges. The polymeric nature of these materials means that low effec-
tive mobilities are possible even though all ionized groups are positively charged.

uv

N e G

12 14 16 min

Fig. 2. Isotachopherograms for a mixture of 1 mg/ml LYS (1), 2.2 mg/ml RNA (2), 1.0 mg/ml TRP (3), 1.0
mg/ml BLA (4) and 1.3 mg/ml OVA (5). Spacers injected were (a) none, (b) 2 ul pH 3.5-10, () 2 ul pH
3.5-5,(d) 2 ul pH 5-8, (¢) 2 ul pH 7-9 and (f) 10 yl discrete spacers. Volume protein mixture injected is (a) 4
u, and (b)—(e) 2 pl. UV axis is increasing absorbance at 280 nm.
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To test the performance of the different spacer solutions, a mixture of model
proteins with disparate mobilities at pH 4.5 was separated. Fig. 2 shows the UV traces
obtained from injections of a mixture of LYS, RNA, TRP, BLA and OVA. Good
resolution of these five proteins is obtained with all spacers except pH 3.5-5 ampho-
lytes. This narrow range spacer has insufficient high mobility components to space
proteins other than OVA. Wide range ampholytes also give good spacing, but with
considerable dilution and broadening of the peaks. pH 5-8 ampholytes give less
broadening of LYS, but small impurity peaks seen with other spacers are unresolved.

Best resolution of this mixture is obtained with pH 7-9 ampholytes or discrete
spacers. With pH 7-9 ampholytes, three impurity peaks near LYS and two near TRP
are resolved. Little broadening is seen for well resolved OVA. Discrete spacers also
give good resolution of the five proteins, with BLA and OVA showing less broad-
ening than with ampholytes. However, RNA and TRP show distinct mixing. The
apparently resolved impurity trailing OVA in Fig. 2f is a spacer impurity.

Fig. 2 reveals several important points regarding the use of these spacers for
cationic ITP. Narrow range pH 7-9 ampholytes contain sufficient low mobility com-
ponents to yield high overall resolution. Since the p/ range of proteins separated is
4.8-11, this narrow range ampholyte can space proteins with p/ values much less than
the pH range indicated for isoelectric focusing. Similar observations of the utility of
narrow range ampholytes at pH values different from the indicated pI range were
made for anionic spacing®*. Secondly, sharp peaks can be obtained with a discrete
spacer mixture vs. ampholytes. Such separations may be useful for obtaining the
desired resolution of a single component or for maximizing sensitivities to specific
proteins.

The effect of increasing the volume of discrete spacers on the above model
protein separation is shown in Fig. 3. A minimum of 10 ul spacers gives good resolu-
tion of the five proteins. A 20-ul volume allows separation of some impurity peaks
near LYS, but both LYS and TRP show extreme broadening at this spacer loading.

Unspaced cationic ITP showed sensitivities in the 50 ng range for model pro-
teins'. Higher resolution separations with wide range ampholyte spacing gave de-
creased UV sensitivities due to spacer/sample mixing. Fig. 4 shows separations of the
above model protein mixture at different loadings to assess sensitivity with discrete

5ul 10l 20l
™
—_
L] v L T T T 1 Ll T T ¥
12 14 16 12 14 16 12 14 16 18 20
min

Fig. 3. Isotachopherograms for 2 1l protein mixture from Fig. 2. Volume discrete spacers added is noted in
the figure. UV axis same as in Fig. 2.
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Fig. 4. Isotachopherograms for protein mixture from Fig. 2 with 10 pl discrete spacers. Approximate ug of
each protein injected is noted in the figure. UV axis same as Fig. 2.

spacers. Estimated detection limits are 100-500 ng for individual proteins. Approxi-
mate quantitative linearity is observed on the basis of peak area over the concentra-
tion range studied. Some decrease in resolution is seen with increasing sample load.
For example, injection of < 2 ul of the protein mixture is necessary to obtain baseline
resolution of BLA and TRP.

To determine if the relative performance of the different spacers depends on
sample composition, a second mixture of MYO, CYC, CAN, CAL and BLB was
studied. Fig. 5 shows the separations obtained without spacers, with pH 3.5-10 and

a b c d

A

i JMLJ\/N\ AW

T T

14 16 18 min
Fig. 5. Isotachopherograms for a mixture of 1.0 mg/ml MYO (1), 1.2 mg/mi CYC (2), 1.3 mg/m! CAN (3),
1.9 mg/ml CAL (4) and 1.1 mg/m! BLB (5). Spacers injected were (a) none, (b) 2 ul pH 3.5-10, (¢) 2 ul pH
7-9 and (d) 10 ul discrete spacers. Volume protein mixture injected is (a) 4 ul, and (b)—(d) 2 ul. UV axis
same as Fig. 2.
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7-9 ampholytes and with discrete spacers. Poorer spacing performance is seen than in
the previous mixture, with MYO and CYC unresolved with any spacer used. Differ-
ences also are noted concerning the relative performance of the spacers. pH 7-9
ampholytes give considerable dilution of BLB, rendering it less useful than pH 3.5-10
ampholytes. Poorer performance of discrete spacers also is seen, despite the resolu-
tion of an impurity between CAL and BLB. Thus, relative spacer performance is
mixture-specific, and no spacer can be generally recommended.

Cationic ITP was tested on reconstituted serum and the results are shown in
Fig. 6. Unspaced serum gives essentially a single zone with little UV resolution. Wide
range ampholytes yield only two, poorly defined peaks that are considerably diluted.
The discrete spacers separate four distinct peaks, with the trailing zone being partic-
ularly sharp. No attempt was made to identify the resolved peaks.

Fig. 6d shows a separation of reconstituted serum with a larger amount of
spacer applied. The broad leading peak seen in Fig. 6¢c is not detected, but several
sharp leading peaks are seen. These peaks have heights and relative positions that are
not particularly reproducible, suggesting a non-steady-state situation. Preliminary
serum separations shown in Fig. 6 compare poorly with similar anionic separations.
However, the potential for cationic serum separations is seen, and specific compo-
nents may benefit from cationic vs. anionic analysis.

[tis apparent that for complex mixtures of proteins, separate runs with different
spacer solutions are desirable to assess ultimate separability. Kenndler and Reich®
used cluster analysis to indicate the best 2 or 3 electrolyte systems for testing anionic
ITP separations of organic and inorganic acids. A similar analysis of different discrete
spacer mixtures and ampholytes with a variety of protein mixtures could yield a
small, optimum set to test protein separability.

One advantage of discrete spacers is the ability to fine-tune spacer compositions
to achieve desired separations. Judicious selection of spacer components can yield
better performance, as shown in Fig. 7 for an optimized separation of LYS, RNA,
TRP, BLA, and OVA. Despite preliminary knowledge of spacer mobilities (Table D),
such an optimization is largely a trial-and-error operation. For instance, determina-

a b c d

o AN

—
12 14 min

Fig. 6. UV isotachopherograms of | ul reconstituted human serum diluted 1:1 with leading electrolyte.
Spacers injected are (a) none, (b) 2 ul pH 3.5-10, (c) 10 gl and (d) 20 gl discrete spacers. UV axis same as
Fig. 2.
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10 14 18 min 22
Fig. 7. Isotachopherograms for 2 ul of protein mixture from Fig. 2 with optimized, discrete spacing.
Spacers are 2 ug each (A) tetraethylammonium, (B) tripropylammonium, (C) tributylammonium, (D)
tetrapentylammonium and (E) y-aminobutyric acid. C axis of upper trace is decreasing conductivity and
UV axis is increasing absorbance at 280 nm. Time offset in conductivity and UV signals is due to physical
separation of detectors in the capillary.

tion of single cationic mobilities gave no indication that BLA is enforced by y-amino-
butyric acid or that OVA is enforced by f-alanine. To date, no spacers can be recom-
mended for separating the following proteins with pH 4.5 potassium acetate—acetic
acid electrolytes: LYS, MYO and CYC; TRP and CAN; and BLB and BLA.
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ISOTACHOPHORETIC ANALYSIS OF PEPTIDES

SELECTION OF ELECTROLYTE SYSTEMS AND DETERMINATION OF
PURITY

VACLAV KASICKA and ZDENEK PRUSIK*

Institute of Organic Chemistry and Biochemistry, Czechoslovak A cademy of Sciences, Flemingovo ném. 2,
166 10 Prague 6 (Czechoslovakia)

SUMMARY

Capillary isotachophoresis (ITP) was applied to the qualitative and quantitative
analysis of both natural and synthetic oligo- and polypeptides. Based on the
mathematical model of acid-base equilibria for a general ampholyte, a procedure and
a computer program for the calculation of the pH dependence of the effective and
specific charge and effective mobility of peptides with known amino acid sequence
were developed which allow the selection of electrolyte systems for peptide isotacho-
phoretic analysis to be rationalized.

Basic peptides (bovine pancreatic trypsin inhibitor, bull seminal isoinhibitors of
trypsin, arginine vasopressin and adamantylamide-alanyliso glutamine) were analysed
with a cationic ITP system at acidic pH. Neutral and acidic peptides (insulin,
proinsulin, bull seminal isoinhibitors of trypsin, cow colostrum isoinhibitors of
trypsin) were analysed with an anionic ITP system, mostly at alkaline pH.

Peptide purity (electrophoretic homogeneity) was determined from the ITP
degree of purity defined by a peptide itself and the zone length ratio of its admixtures.
Enrichment of peptide in the sample during the purification procedure was measured
by its zone length relative to unit mass of the amount of sample analysed.

INTRODUCTION

In the chemistry of peptides, capillary isotachophoresis (CITP) is most
frequently used as a method to control the purity of both natural and synthetic peptide
preparations. Utilization of CITP for this purpose was introduced by Kopwillem et
al.-? in the analysis of the fragments of human growth hormone. Following this work,
CITP has been used for the analysis of many other naturally occurring and/or
synthetically prepared biologically active peptides, e.g., hormones [oxytocin, vaso-
pressin, adrenocorticotropic hormone (ACTH)? and insulin®®, drugs®”, nutritional
additives®? and others'®~'8. CITP was used not only as a method to control the purity
of the final peptide preparation but also for monitoring the peptide purity after
individual steps in a purification procedure, thus providing information on the

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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efficiency of the preparative separation method used. In addition, CITP has also been
used for the determination of low-molecular-weight ionic admixtures in peptide
preparations®®2°,

The aim of this work was to apply CITP to the determination of the purity of
several peptide preparations either isolated from a natural material or synthesized,
e.g., enzyme inhibitors, hormones, protein fragments and immunomodulators. In
order to rationalize the selection of the conditions for ITP analyses of peptides,
a procedure and a computer program for the calculation of the pH dependence of the
effective and specific charges of peptides was developed and rules for the selection of
the pH of the leading electrolyte were established.

THEORETICAL

For the rational selection of conditions for peptide ITP analysis, it is
advantageous to know the dependence of their effective or specific charge on pH.
Therefore, we have developed a procedure and a computer program that make it
possible to calculate the pH dependence of the effective and specific charges of any
peptide the amino acid sequence of which is known. The procedure is based on
a mathematical model of the acid-base equilibria of a general ampholyte.

Let X(M) and X(N) be ionic forms of peptide X with a maximum charge M and
a minimum charge N. The magnitude of the charge is considered in elementary units,
including the sign, i.e., maximum and minimum are meant in the mathematical sense.
If K(J) is the apparent dissociation constant of the equilibria between the components
with charge (J+ 1) and J, then

X(J+1)=X(J) + HT o))
K(J) = cxwy - Hlexg+ (2)
where ¢x(;) and cxy + 1) are the equilibrium concentrations of the corresponding ionic
forms of peptide X and H is the equilibrium concentration of hydrogen ions. Further,

the molar fraction, Dy, of the component X(J) is introduced, referred to the total
concentration cx of peptide X:

Dxyy = CX(J)/CX (3)

This formulation®! permits the derivation of the following relationship for the molar
fraction DX(J):

|:J[_—[]K(l)/H“'}_1 (J>0) + [ﬁK(D/H"’J (J<0)

DX(J) = =1 —1 1 (4)
1 Y IR0+ z[nzqz)/m I}

Je(N,M>, J #0
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where K(/) are dissociation constants of the acid-base equilibria between the
components X(/+1) and X(/), and i and / are auxiliary variables.

The effective charge, zx, of compound X at a given pH is then given by the
equation

M
Zx = Z J DX(J) (5)

J=N

where Dx(y) is given by eqn. 4 in which H = 10™P". From the effective charge, zx, the
specific charge, zx, may be calculated, i.e., the charge referred to unit relative
molecular mass, My, of the peptide X:

ZIxs = Zx/Mx (6)

In addition to the effective or specific charge, we can also calculate the effective
mobilities, myx, of peptide X as a function of pH, if known or estimated values of the
actual mobilities, my, of individual ionic forms X(J) are available:

M

myx = ) sign(J) - mxg, - Dxu N

J=N

where D) is given by eqn. 4 in which H = 107PH,

From the obtained dependences of effective mobility, effective charge and
specific charge on pH, important conclusions can be inferred for the selection of
conditions for the ITP separation of peptides and proteins. For the ITP separation the
only pH that is suitable is that at which the effective mobilities are sufficiently high, i.e.,
if their absolute values are approximately higher than 1 - 107°-2 - 10 9 m2 V- ! g~ !
(ref. 22), having the same sign, i.e., moving in the same direction (either cationic or
anionic), and the differences in their mobilities, Am, are sufficient for their separation,
Le,dm =~ 1-1072 m? V7! s7! (ref. 23).

If only the dependence of specific charge on pH is known, then a pH for
separation is selected such that the absolute value of the specific charge of the peptide
to be separated is greater than 2 - 107%-5 - 10™* ¢ (ref. 24).

From the course of the calculated dependence of effective and/or specific charge
on pH, the regions of minimum and maximum charge, the regions important for
influencing the charge and the isoionic (isoelectric) point can be determined.

Fig. 1 shows the calculated pH dependence of the effective charge of pig insulin.
Based on its amino acid sequence®®, the ionogenic groups and the values of the
minimum and maximum charge of fully ionized forms of insulin N=-10,M =
+6) were determined. The average values from the pK ranges of amino acid residues in
polypeptide chains?® were used as values of the dissociation constants of lonogenic
groups present in insulin. This leads to a certain inaccuracy because the pK values of
individual ionogenic groups can be different not only in different peptides but also in
the molecule of the same peptide, as a consequence of the electrostatic and
configurational effects of their environment. This inaccuracy and the fact that we
consider only the charges formed by dissociation or association of hydrogen ions and
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Fig. 1. Calculated pH dependence of effective charge z of insulin (for more details, see text).

not the charges formed by interaction of the peptide with other ions present in solution
accounts for the difference between the calculated isoelectric (isoionic) point (5.2) and
the experimentally determined values 5.3-6.15%7.

From the course of the pH dependence of the specific charge, z,, of insulin (see
Fig. 2), the pH region of sufficient charge density, i.e., zs > 2 - 107*-5-10"*ecanbe
determined. Comparison of the specific charges of insulin and glycine in Fig. 2 allows
the ability of glycine to serve as a terminating ion to be judged. Glycine can be
considered as a candidate for a terminating ion in the region where its specific charge is
lower than that of insulin but greater than the minimum specific charge required for
sufficient electrophoretic mobility.

In spite of the inaccuracy of the model, the calculation affords useful
information; the calculated isoionic point and the dependences of both the effective
and specific charges of insulin of pH were important characteristics that were taken
into account in the selection of conditions for its ITP analysis (see Experimental).

z, 10" [e]
1

05

-05

-1 — 1 pH
1 2 3 4 5 8 7 8 3 10

Fig. 2. Calculated pH dependence of specific charge (z,) of (a) insulin and (b) glycine.



ITP OF PEPTIDES 213

The inaccuracy (given by the inaccuracy of the chosen pK values) and the
complexity of the calculation increase with increasing number of ionogenic groups in
the molecule. Therefore, the calculation could afford more reliable data for
oligopeptides than for polypeptides and proteins. With polypeptides and proteins it is
more advantageous to use the electrophoretic titration curves®®, which, however,
cannot be obtained for small peptides (up to 20-30 amino acids) as a consequence of
the difficulties with their fixation and staining in the gel. Hence both methods, i.e.,
based on theoretical calculation and experimental titration curves, are complemen-
tary, covering a wide range of relative molecular masses of peptides and proteins.

The separation conditions and the pH of the leading electrolyte must be selected
not only according to the effective or specific charge of the peptides to be separated,
but also with respect to their solubility, stability and biological activity. For the correct
choice of the pH of leading electrolyte, the following rules should be adopted: let pH;
be the pH range compatible with the ITP separation principle (ca. 2-11); let pH; be the
pH range of sufficient solubility of the given peptides (at least about 1 mmol/l); let pHa,
be the pH range in which the given peptides are chemically stable; let pH, be the pH
range in which the biological activity of the given peptides is preserved; let pHs be the
pH range in which the given peptides possess sufficient effective mobility or sufficient
specific charge of the same sign, ie., | mel > 1-107° m2 V' is tor|zl > 2-
1045 - 10~ * ¢; and let pHg be the pH range in which the relative differences in the
effective mobilities of the peptides (4m,) are sufficient for their separation (dm =
2-3%). Then, the pH range suitable for the ITP separation of these peptides pH (ITP,
PEP) is given by the multiplication in the algebraic sense of classes (logical product) of
the above ranges:

pH (ITP, PEP) = r6\ (pH)) (8)

i=1

If the conservation of biological activity for a given ITP peptide separation is not
required (e.g., for amino acid and sequence analyses even denaturated polypeptides
suffice), then the pH, interval is not included in the logical product®.

EXPERIMENTAL

Chemicals

All chemicals were of analytical-reagent grade. Sodium hydroxide, potassium
hydroxide, acetic acid and glycine were obtained from Lachema (Brno, Czecho-
slovakia), N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), tris-
(hydroxymethylaminomethane) (Tris) from Serva (Heidelberg, F.R.G.), -alanine
(BALA) from Koch-Light (Colnbrook, U.K.), histidine (His) from Pierce (Rockford,
IL, U.S.A)), poly(vinyl) alcohol (PVA) (Mowiol) from Hoechst (Frankfurt, F.R.G.)
and barium hydroxide from Merck (Darmstadt, F.R.G.).

Bovine pancreatic trypsin inhibitor (BPTI) (Trasylol) was purchased from Bayer
(Leverkusen, F.R.G.), pig proinsulin from Novo (Bagsvaerd, Denmark) and insulin
and adiuretin ([8-D-Arg]deaminovasopressin) from Légiva Pharmaceuticals (Prague,
Czechoslovakia).

The other samples were obtained from laboratories where they were isolated



214 V. KASICKA, Z. PRUSIK

from natural material or synthesized. Bull seminal isoinhibitors of trypsin BUST I12°,
BUSI 11b3°, BUSI IA, IB1, IB23!, cow colostral isoinhibitors of trypsin CTI A, B, C32
and bovine basic pancreatic inhibitor of trypsin BPTI3? were obtained from Dr. D.
Cechova and Dr. V. Jonakova (Institute of Molecular Genetics, Czechoslovak
Academy of Sciences, Prague, Czechoslovakia). Tryptic and cyanogen bromide
fragments of human haemopexin®#3> were obtained from Dr. B. Meloun and Dr. L.
Moravek and muramine dipeptide (Mur-Ala—GIn)?¢ from Dr. I. JeZek (Institute of
Organic Chemistry and Biochemistry, Czechoslovak Academy of Sciences, Prague,
Czechoslovakia). Adamantylamide-L-alanyl-D-isoglutamine®” was provided by Dr.
M. Flégl (Pharmacological Institute, Czechoslovak Academy of Sciences, Prague,
Czechoslovakia).

Apparatus

AITTP analyses were performed in an apparatus of our own construction*®. It is
an all-PTFE capillary-type ITP analyser equipped with two universal potential
gradient detectors and a specific UV photometric detector operated at 254 nm. The
separation capillary (23 ¢cm x 045 mm ID. x 0.7 mm O.D.) is placed in
a thermostated bath filled with Savant EC 123 electrophoresis coolant. Its temperature
is controlled over the range 7-25°C by Peltier thermocouples. Samples were
introduced by means of a dosing valve (constant volume 2 ul) or with a Hamilton
microsyringe (0.5-10.0 ul).

RESULTS AND DISCUSSION

CITP was used for both qualitative and quantitative analysis of selected oligo-
and polypeptides. CITP was utilized not only for determination of purity (elec-
trophoretic hémogeneity) of peptides both isolated from natural material and
synthesized, but also for the analysis of complex polypeptide mixtures of protein
fragments resulting from enzymatic and chemical protein cleavage. Further, CITP was
applied to monitoring the efficiency of peptide purification procedures.

A survey of peptides analysed in the cationic mode is shown in Table I and in the
anionic mode in Table II; qualitative and quantitative characteristics of the peptides
are also given. As a qualitative index the relative step height (RSH)?° of the analysed
peptide was used, defined by

RSH = [(he — hu)/(hr — hu)] - 100 ©

where Ay, hp and hy are the step heights (voltage of the potential gradient detector) of
the leading electrolyte, peptide sample and terminating electrolyte, respectively.

As a quantitative index of the purity (electrophoretic homogeneity) of peptides,
the so-called ITP degree of purity was adopted®. Let k represent the total zone length
of all zones having absorption at a given wavelength of the UV detector on an
isotachophoregram for the analysis of peptide sample S, and /, the length of the zone
of peptide A, representing the main component of the sample S (see Fig. 3). Then the
ITP degree of purity of peptide A, p,, is given by the ratio of the lengths /, and /:

pa = (lafls) - 100 (10)
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TABLE I
SURVEY OF PEPTIDES ANALYSED IN THE CATIONIC ITP MODE

ESNo. = velectrolyte system number; RSH = relative step height; p = ITP degree of purity (RSH and p are average
values of two experiments). HOAc = acetic acid.

ES  Leading electrolyte Terminating electrolyte Sample RSH p
No. (%) (%)
L:  leading ion pH T: terminating ion pH
constituent (mol/l) constituent (molll)
C:  counter ion P: pH-adjusting
constituent (molfl) constituent (molll)

A additive (%, w/v)

1 L: NaOH 0.0l 48 T: BALA 0.01 4.5 Bovine pancreatic trypsin
C: HOAc P: HOAc inhibitor (BPTI) 333 73.9
A: PVA 0.02 Bull seminal trypsin inhibitors:
BUSI II 429 72.7
BUSH ITb 31.4 69.4
2 L: NaOH 0.01 50 T. BALA 0.01 4.7 Adiuretin ([8-p-Arg]deamino-
C: HOAc P:  HOAc vasopressin) 81.7 90.4
3 L: KOH 0.005 50 T: BALA 5.0 Adamantylamide-L-alanyl-p-
C: HOAc P: HOAc isoglutamine 82.5 88.2
TABLE 11

SURVEY OF PEPTIDES ANALYSED IN THE ANIONIC ITP MODE

ES No. = electrolyte system number; RSH = relative step height; p = ITP degree of purity (RSH and p are average
values of two experiments).

ES  Leading electrolyte Terminating electrolyte Sample RSH p
No. (%) (%)
L:  leading ion pH T:  terminating ion pH
constituent (molfl) constituent (molfl)
C:  counter ion P: pH-adjusting
constituent (mol/l) constituent (molfl)
A: additive (%, w(v)

4 L: HC 0.005 6.1 T: HEPES 0.0t 8.1 Muramine dipeptide
C: His 0.01 P:  Ba(OH), (Mur-Ala-Gln) 32.8 88.0
A: PVA 0.2
5 L:  HCl 0.01 6.1 T: HEPES 0.0l 8.1 Tryptic fragments of human
C:  His 0.02 P:  Ba(OH), haemopexin — —
6 L: HC 0005 81 T: Gly 0.01 10.5 Bull seminal trypsin inhibitors:
C: Tris 0.01 P:  Ba(OH), BUSI IA 12.3 76.4
A: PVA 0.02 BUSI IB1 12.3 61.3
BUSI IB2 12.2 83.0
Cow colostral trypsin inhibitors:
CTI A 333 34.9
CTI B 441 51.1
CTIC 54.7 46.8
Pig insulin 333 79.5
CNBr fragments of human
haemopexin - -
7 L: HC 0.005 81 T: Gly 0.01 10.2 Pig insulin 15.2 69.2
C:  Tris 0.01 P:  Ba(OH), Pig proinsulin 50.0 87.3
A:  2-propanol 10% (v/v)
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Fig. 3. Determination of ITP degree of purity of bull seminal trypsin isoinhibitor (BUSI II). /, = Zone
length of pure BUSI II; /5 = total length of UV-positive zones. | = Na™;2 = BUSII}; 3 = BALA;n =
unidentified sample admixtures. 4 = Absorbance at 254 nm; U = voltage of PG detector; 1 = time;
dU/dt = differentiation of PG detector signal. Analysis in ES No. | (see Table I); 9 ug of BUSI I1in 2 pl of
leading electrolyte were applied.

However, the zone lengths of possible impurities from the electrolyte system must not
be included in the total length /5. The lengths of these impurity zones can be determined
during the blank run of the ITP analysis without the application of a sample. The
degree of purity defined in this manner can be approximately identified with the molar
fraction of the given peptide in the analysed mixture. This approximation is the more
precise the closer are the charges and the effective mobilities of the components present
and the higher is the proportion of the main component in the sample. This
requirement is fulfilled to a considerable extent with peptide preparations purified to
arelatively high degree. The error caused by this approximation is in the range of units
of percent and in some instances [with equal values of the charge, close effective
mobilities (deviations up to several percent) and at a relatively low mobility of the
counter ion of the leading electrolyte] it can be almost negligible*®4*.

The degree of purity or the ratio of concentrations of individual components can
therefore be approximately determined even without standards of individual com-
pounds, merely on the basis of the ratio of zone lengths. This is an advantage of ITP
over high-performance liquid chromatography, because in chromatographic analysis
with photometric detection at one constant wavelength (254 or 280 nm) the
concentration ratios of individual components cannot be determined without
a knowledge of their molar absorption coefficients.

Some examples of peptide ITP analyses are given. Fig. 4 shows the ITP analysis
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Fig. 4. ITP analysis of pig insulin. | = Carbonates; 2 = piginsulin; 3 = glycine. 4 = Absorbance (at 254
nm); U = voltage of PG detector; 1 = time. Analysis in ES No. 6 (see Table II); 10.2 pg of pig insulin in 3 ul

of leading electrolyte were applied. Separation current, 50 uA; detection current, 20 uA; time of analysis, 30
min.

of pig insulin, the conditions of which and the pH of the leading electrolyte (pH, ) were
selected according to the following parameters described and calculated under
Theoretical:

(1) Isoelectric (isoionic) point pl: 5.2-6.15 = pI — 1.5 > pH, > pl + 1.5, ie.,
3.7 > pH, > 7.65.

(2) Specific charge z;: | z} > 2 - 107* ¢ = 4.5 > pH_ > 6.2 (see Fig. 2).

(3) Effective charge z: weakly dependent on pH in the range 6.5-8.5 (see Fig. 1).

(4) Solubility: bad solubility near p/ = pH, should not be in the range p/ + 1,
ie,42 > pHy > 7.15.

(5) Chemical stability and biological activity: trans-sulphidation can occur
under higher alkaline conditions, pH = pH, < 8.5.

Based on these data, electrolyte system ES 6 (see Table IT) was chosen for the ITP
analysis of insulin. A relatively high degree of purity of the given preparation was
confirmed (see Table ).

One of immunologically most dangerous admixtures in insulin preparations is
proinsulin, the prohormone form of insulin. A very good separation of these two
polypeptides (see Fig. 5) was achieved in a mixed-solvent ITP electrolyte system (ES
7 in Table IT) using water-2-propanol (90:10, v/v) as the solvent of the leading
electrolyte.

Determination of peptids purity is important not only with regard to the final
products. Using CITP as a control technique for purity determination after different
steps in a purification procedure, we can obtain important information about the
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A

Fig. 5. ITP separation of pig insulin and pig proinsulin. | = Carbonates; 2 = insulin; 3 = proinsulin; 4 =
glycine; n = unidentified sample components. (a) Signal of PG detector; (b) signal of photometric detector.
A = Absorbance at 254 nm; U = voltage of PG detector; 1 = time. Analysis in ES No. 7 (see Table II);
sample, 8.8 ug of lyophilized pig insulin and 8.5 ug of lyophilized pig proinsulin in 5 ul of leading electrolyte
were applied. Separation current, 30 pA; detection current, 20 pA; time of analysis, 20 min.

efficiency of different purification methods, from which the suitability of applied
methods can be judged. _

Using CITP, the efficiency of the purification procedure for the preparation of
pure basic bovine pancreatic trypsin inhibitor (BPTI) was monitored. Fig. 6a shows
the ITP analysis of the crude BPTI product which was obtained by magnesium
sulphate precipitation®? from the waste solution after trypsin isolation. In this record
the zone of BPTI forms a relatively small part of the total length of UV-positive zones,
whereas in Fig. 6b, which shows the ITP analysis of BPTI after ion-exchange
chromatography on CM-Sephadex, the zone of BPTI already prevails. The ITP degree
of purity was further increased after rechromatography on CM-Sephadex. The
determined degrees of purity of different BPTI preparations (including a commercial
one) are given in Table III. '

The degree of enrichment of BPTT was also monitored by another quantitative
parameter, the relative zone length, i.e., the zone length relative to unit mass of the

applied amount of sample: \

\
\

Pam = la/ms 11

The calculated values of p, ., are given in Table II1. These values are useful especially
for monitoring the first steps in a purification procedure, because in their values
content of non-ionogenic admixtures and salts is also reflected. In the analysis shown
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Fig. 6. ITP analysis of bovine pancreatic trypsin inhibitor (BPTI) in ES No. I (see Table I) (a) 200 ug of
crude BPTI product (precipitated by MgSQ,); (b) 6 ug of BPTI purified by ion-exchange chromatography.
A = Absorbance at 254 nm; ¢ = time. | = BPTI zone.

in Fig. 6a this relative zone length is 0.05 mm/ug (the amount of sample applied was
200 pg) and in Fig. 6b the relative zone length is 2.3 mm/ug (the amount of sample
applied was 6 ug). The ratio of these relative zone lengths gives the degree of
enrichment after the purification step. In the given example this means that sample
analysed in Fig. 6b contains 46 times more BPTI per unit mass than that analysed in
Fig. 6a. This high degree of enrichment (in comparison with only a 2.2 times higher ITP
degree of purity derived from the UV zone-length ratio) is caused by the high salt
content in the crude BPTI product.

TABLE II1

ITP DEGREE OF PURITY OF DIFFERENT PREPARATIONS OF BOVINE PANCREATIC
TRYPSIN INHIBITOR (BPTI)

p = Degree of purity defiped on the basis of zone-length ratio (see eqn. 10); pm = degree of purity defined on
the basis of zone length relative to unit mass (see eqn. 11); IEC = ion-exchange chromatography.

BPTI preparation Degree of purity

P (%)  pn(mmjug)

Crude 20.3 0.05
Purified by IEC 43.1 2.3
Repurified by IEC 73.2 4.1

Commercial (Trasylol)  50.0 3.0
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Fig. 7. ITP analysis of adiuretin, synthetic ([8-D-Arg]deaminovasopressin), in the cationic mode, in ES No.
2 (see Table 1). 2 ul of an aqueous solution of 8 ug of adiuretin were applied. Current during separation, 50
uA; during detection, 35 pA. (a) Signal of PG detector; (b) signal of UV detector. 4 = Absorbance at 254
nm; U = voltage of PG detector; r = time. I = Na™;2 = unidentified sample component; 3 = adiuretin;
4 = BALA.

The zone lengths were measured manually and in some instances, e.g., in Fig. 6,
only approximately from the UV record of the ITP analysis as only a contactless UV
detector affords a reproducible signal in ITP analyses of polypeptides and proteins.
The potential gradient (PG) detector does not provide completely reliable and
reproducible data owing to protein adsorption on the electrodes of the detector and to
electrode polarization. For this reason, the PG detector signal is of minor importance
in polypeptide ITP analysis and its differentiation was not used.

Determination of peptide purity is important especially with peptides used as
drugs and in biological tests, where admixtures may cause unwanted additional side
effects. An example of the ITP analysis of adiuretin ([8-D-Arg]ldeaminovasopressin), .
which is used as a drug against diabetes insipidus, is shown in Fig. 7. A relatively high
degree of purity was confirmed (see Table I).

CONCLUSION
CITP has been demonstrated to be a fast, high-performance, sensitive method of

peptide microanalysis on the nanomole and subnanomole scale, giving both qualita-
tive and quantitative information on peptide purity.
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SUMMARY

A macroporous carbon sorbent, packed into disposable columns (Separcol-
Carb), was investigated for the off-line preconcentration of short-chain fatty acids
from drinking water in conjunction with their determination by capillary isotacho-
phoresis (ITP). Of the acids investigated (C1-Cy), butyric acid and higher homologues
could be enriched into a high degree from samples of drinking water. Their detection
limits from the ITP conductivity detector were in the low parts per 10° range when an
amount equivalent to 8 ml of the sample was taken for analysis. The lowest
homologues (C{~C;) were not adsorbed sufficiently to achieve their reasonable
enrichment by the sorbent under the working conditions employed (acidification of the
sample to pH 2.0). Acetone and diethyl ether were employed for the elution of the
adsorbed analytes. The latter was more convenient in the analysis of practical samples
as it co-eluted a considerably smaller number of the adsorbed anionic constituents.
Octadecyl-bonded silica, evaluated in parallel, was found to be of only very limited
utility for the same purpose.

INTRODUCTION

The presence of fatty acids (FAs) in sources of drinking water can be associated
with human activities (e.g., leaks from industrial and agricultural wastes) and also with
biological processes and/or degradation of organic material naturally occurring in
water (see, e.g., ref. 1). As this group of ionogenic compounds need to be determined in
water in general (waste, surface, precipitation, drinking water), considerable efforts
have been devoted to the development of suitable analytical methods.

Gas-liquid chromatography (GLC), after conversion of FAs into suitable

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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derivatives or without a derivatization step, plays a dominant réle in this area®®. In
reversed-phase high-performance liquid chromatography (RP-HPLC), FAs are only
seldom determined as the free acids® and their derivatization to improve both the
separability and detection limits is commonly used®*°'3. When either GLC or
RP-HPLC is used for the determination of FAs in water, a sample preparation step
(trace enrichment, sample clean-up) is usually included in the analytical procedure.
The same often applies also in ion chromatography, in spite of the fact that this method
was shown to be very useful in the direct determination of short-chain (C,-C3) FAsin
relatively clean samples (rain water)'*.

Capillary isotachophoresis (ITP), having an inherent analytical specificity for
ionogenic compounds, is an alternative separation method suitable for the determina-
tion of FAs!'5=22_ Tts use is very convenient when the acids need to be determined in
complex non-ionic matrices*® or when their concentrations in the sample are
comparable to those of other anionic macro constituents! 1%, A column-coupling
configuration of the separation unit?® was advantageous in the ITP determination of
some short-chain FAs present in high salinity waters associated with oil-bearing
formations?!-22. In the ITP work quoted no sample praparation steps were necessary
(excluding filtration, sample dilution, etc.).

We have studied the use of ITP in the determination of C;—Cy FAs in water
samples taken from (potential) sources of drinking water®¢. When the separation was
carried out in a water—methanol operational system?®® (sec also Table I) and the ITP
analyser was assembled in the column-coupling mode, we could detect ca. 10~° mol/i
concentrations of FAs (i.e., 50-160 ppb for the C;~Cy homologues) present in a 150-pl
volume of directly injected sample. A further increase in the injection volume to
achieve detection limits of low ppb concentrations was not convenient as a con-
siderable higher load capacity of the separation compartment®® became essential. In
addition, long analysis times and/or problems associated with impurities present in the
electrolyte system are obvious disadvantages of such an approach?®?”. To solve this
problem, the use of one of the sample preparation procedures elaborated for GLC and
RP-HPLC (see, e.g., refs. 3-9) appeared to be an alternative solution for our purposes.
When these procedures were evaluated and/or preliminarily tested for use in
combination with ITP, we found them to be less suitable (low recoveries of some acids,
long sample preparation time, low clean-up efficiency).

Solid-phase extraction (SPE) is one of the preferred sample preparation
techniques, especially in HPLC (for reviews see, e.g., refs. 28-33). Carbon, porous
polymers, ion exchangers and metal-loaded chelating resins are suitable alternatives
for medium- and high-polarity compounds?®-2%. Of these, carbon sorbents were found
to be advantageous in the trace analysis of various groups of ionogenic com-
pounds3#37. Although data from a detailed investigation of the adsorption properties
of graphitized carbon black by Lagana e al.*® suggested a good potential of carbon
sorbents for the trace enrichment of organic acids, no attention was paid to their use
for sample preparation in FA analysis.

In this work we-evaluated a macroporous carbonaceous sorbent®*®#° for the
trace enrichment of C,—Cy FAs from aqueous solutions and its capabilities for sample
preparation in the determination of these compounds in drinking water by ITP.
Measurements of the retention characteristics of FAs on octadecyl-bonded silica
(Si-C,5) showed?* that this sorbent could be useful for the clean-up of samples
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containing butyric acid and higher FA homologous. Therefore, we also evaluated this
possibility, which could be useful in combining clean-up of the sample on a disposable
Si-C, g column with the inherent concentrating power of ITP (a high injection volume
of the sample free from inorganic macro constituents).

EXPERIMENTAL

Instrumentation

A CS Isotachophoretic Analyser (VVZ PJT, Spisska Nova Ves, Czechoslovakia)
was assembled with the column-coupling configuration of the separation unit?34!
using module provided by the manufacturer. The samples were injected with the aid of
a 30-ul sampling valve. The lengths of the zones from the conductivity detector were
measured electronically*2.

A laboratory-made vacuum manifold capable of simultaneously handling ten
disposable columns (see below) was used in SPE experiments.

A Model 915 B total organic carbon analyser (Beckman, Irvine, CA, US.A)
was used for the measurements of total organic carbon present in water samples taken
for the determination of FAs.

Chemicals and purification

Histidine was obtained from Reanal (Budapest, Hungary) and morpholino-
ethanesulphonic acid (MES) and hydroxyethylcellulose 4000 (HEC) from Serva
(Heidelberg, F.R.G.). Histidine and MES were purified by repeated precipitation
(dissolution in water, purified as described below, and precipitation with doubly
distilled ethanol and acetone). A 1% (w/v) aqueous stock solution of HEC was
purified on a mixed-bed ion exchanger (Amberlite MB-1; BDH, Poole, U.K)).

Water delivered by a RODEM-1 two-stage demineralization unit (OPP, Ti§nov,
Czechoslovakia) was further purified by circulation through laboratory-made poly-
tetrafluoroethylene (PTFE) cartridges packed with Amberlite MB-1 mixed-bed ion
exchanger and only freshly recirculated water was employed for the preparation of the
solutions and for the SPE experiments.

Doubly glass-distilled methanol and acetone of analytical-reagent grade were
employed throughout. Diethyl ether was purified from ionogenic impurities on an
activated alumina column*? and its ionic purity was checked by ITP analysis of its
aqueous extract.

FAs obtained from Lachema (Brno, Czechoslovakia), Loba-Chemie (Vienna,
Austria), Reachim (Moscow, U.S.S.R.) and Fluka (Buchs, Switzerland) were used
without further purification. The other chemicals were purchased from the above
manufacturers in analytical-reagent grade purity and were used as received.

Disposable SPE minicolumns packed with octadecyl-bonded silica (Si-CgL,
250 mg sorbent bed) and macroporous carbon (Carb, 250 mg sorbent bed) were
obtained from the Centre of Chemical Research (Slovak Academy of Sciences,
Bratislava, Czechoslovakia). The Si-C; gL columns were washed with 5-ml volumes of
acetone, methanol and water before use. The Carb columns were cleaned successively
with 5 ml of dimethylformamide, 5 ml of acetone, 5 ml of diethyl ether, 5 ml of
methanol and 10 ml of water. The columns were used repeatedly and before their re-use
the sorbent beds were washed (activated) in the same way. The activation solvent was
removed by percolating 5 ml of water through the sorbent bed.
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Sample preparation

Procedure A. The sample volume (100, 250 or 500 ml) was acidified to pH 2.0
with sulphuric acid then percolated through the column at 10 ml/min. The sorbent bed
was washed with 5 ml of water and the adsorbed compounds were eluted with 4 ml of
acetone. The eluate was mixed with 700 ul of aqueous histidine (5 - 10~ mol/1).
Acetone was evaporated by a flow of nitrogen at ambient temperature to a final sample
volume of 1 ml. A 30-ul volume of this sample solution was analysed by ITP.

Procedure B. The sorption and washing steps were the same as in Procedure A.
Water present in the voids of the column bed was sucked out and the elution was
carried out with two 2-ml volumes of diethyl ether. The eluate was mixed with 500 ul of
aqueous sodium hydroxide (102 mol/l). The organic phase was evaporated under
a stream of nitrogen and the aqueous phase was diluted with water and methanol to
1 ml so that the final concentration of the latter solvent in the sample was 25% (v/v).

RESULTS AND DISCUSSION

ITP analysis of fatty acids

The composition of the operational system used in the ITP analyses throughout
this work is given in Table I. In this instance, the concentration of the leading ion was
lower than that suggested previously?? in order to decrease the detection limits of the
analytes.

Relative differences in the effective mobilities of FAs in the steady state are clear
from the isotachopherogram in Fig. 1. Here, a model mixture with a composition
similar to that of drinking water was spiked with C;—Cg normal saturated FAs. With
the exception of the C, and C, compounds the concentration of the acids present in the
mixture were identical with the maximum values in the measurements of the
calibration lines (Table II).

From the numerical values of the parameters of the regression equation
characterizing the slopes of the calibration lines, it can be seen that these ex-
perimentally based values did not follow exactly the tendency that could be expected
from the simulated data**. We found that these deviations could be ascribed to lower

TABLE I
OPERATIONAL SYSTEM EMPLOYED IN THE ITP ANALYSIS OF FATTY ACIDS

Parameter Electrolyte

Leading Terminating
Solvent H,0-CH,;0H H,0-CH,;0H
Proportions (v/v) 80:20 70:30
Anion Cl™ MES
Concentration (mM) 5 2.5
pH’ 6.0 6.0
Additive HEC -
Concentration (%, w/v) 0.1 -

“ Methanol was added to the aqueous solutions containing the required constituents at appropriate
concentrations and pH values as measured for aqueous solutions are given.
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Fig. 1. Isotachopherograms from the analysis of short-chain fatty acids (C,~C,) present in 2 model mixture
with a composition of inorganic constituents similar to that of drinking water.’ The records from the
conductivity detector in the analytical column are only given. A = Blank run (no sample injection);
B = model mixture spiked with fatty acids (C, at 4 - 105 mol/l, C, at 6 - 10~5 mol/l and the other acids at
8 - 107* mol/l). The driving currents were 100 and 15 1A in the preseparation and analytical columns,
respectively. L = Leading anion; T = terminating anion; u = unidentified impurities present in the
operational system. R, ¢ = increasing resistance and time, respectively.

actual contents of the acids in the preparations used (titrimetric analysis of some of the
preparations). However, as the same preparations were used throughout and our
measurements were relative rather than absolute (breakthrough curves, recovery
data), no systematic errors were involved in this way.

The reproducibilities of the ITP analyses of the acids present in the samples at
3-107°-8 - 10”5 mol/l concentrations were typically in the range 1.5-3%.

Measurements of breakthrough curves
The breakthrough characteristics of the analytes on the sorbents used gave data
relevant to their applicabilities for sample preparation. These characteristics were

TABLE 11

REGRESSION EQUATIONS AND CORRELATION COEFFICIENTS FOR C,-Co FATTY ACIDS
IN THE 8 - 1075-80 - 10~® mol/l CONCENTRATION RANGE

No. of data points = 10.

Acid Regression equation® Correlation
coefficient
C, y = 2.36 +.0.1868x 0.9993
C, y = 182 + 0.2458x 0.9996
C; y = 0.61 + 0.2152x 0.9999
Cq y = 057 + 0.2172x 0.9998
Cs y = 0.67 + 0.2179x 0.9998
Cs y = 096 + 0.2194x 0.9999
(o y =052 + 0.2393x 0.9997
Cs y = 041 + 0.2314x 0.9997
Co y = 0.09 + 0.2446x 0.9996

a

x = concentration (107® mol/l); y = zone length (s).
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measured for the sorbents packed in disposable columns and treated before the use as
described under Experimental.

The Si-C, 5L sorbent was studied for two modes of the sorption process, viz., ion
suppresion (by decreasing the pH of the sample solution to ca. 3.0) and ion exchange
[by modifying the surface of the sorbent by strongly retained cetyltrimethylammonium
cation (CTMA ) before the sample application]. In both modes the sample solutions
percolating through the beds were collected into 1-2-ml fractions. The fractions were
analysed by ITP and the breakthrough curves given in Fig. 2 were reconstructed from
the results of the analyses. These curves clearly show that in both instances the sorbent
provides only a very limited utility from the point of view of sample preparation.

Analogous data for the Carb sorbent (Fig. 3) indicate considerable higher
breakthrough volumes, especially for the C,~Cy homologues. For obvious reasons
only this sorbent, having a surface area of 1600 m?/g (refs. 39 and 40), was studied in

- detail for sample preparation in the ITP determination of FAs in drinking water.

Recoveries of fatty acids on the Carb sorbent

In experiments with model samples spiked with FAs at concentrations of 10°°
mol/l or less, we found that the adsorption by the Carb columns was quantitative for
the C,—C, homologues and a very high enrichment factor (>250) was easily achieved
for these constituents. On the other hand, propionic acid could be quantitatively
adsorbed only from ca. 10-ml sample volumes and acetic and formic acids were not
adsorbed with reasonable recoveries even from smaller sample volumes. From the
practical point of view it is important that inorganic macro and micro constituents
which are present in drinking water (Cl~, SO3~, NO;, NO3, F~ and PO ") are not
retained by this sorbent. Hence it provides a very effective clean-up of the adsorbed
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Fig. 2. Breakthrough curves of C,-Cj fatty acids on octadecyl-bonded silica. (A) Sample acidified to pH 3.0
with H,SO, percolated through the column; (B) sample applied to the column with surface modified by
CTMA™ (35 ml of 1072 mol/l aqueous CTMA™* Br~ was percolated through the column before the
application of the sample). In both instances tap water spiked with fatty acids at 5 - 107° mol/l were
percolated through the columns at 1 ml/min. ¢y, ¢ = Initial and post-column concentrations of the acids,
respectively.
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Fig. 3. Breakthrough curves of C,-C, fatty acids on a macroporous carbon sorbent (Separcol-Carb). The

same sample as in Fig. 2 was percolated through the sorbent bed at 10 ml/min. Fractions of 50 ml collected
from the column were evaluated by ITP (the first 50-ml portion was collected in 10-m] fractions).

FAs. In the model experiments acetone was used as a suitable eluting solvent for FAs
(see Procedure A in Experimental). '

Drinking water contains organic compounds of various polarities in trace
concentrations*® and these compounds can be evaluated as total organic carbon
(TOC). When we consider that carbonaceous sorbents are not very selective in the
adsorption step (see, e.g., refs. 38 and 45), many of these compounds can be expected to
be trapped by the Carb column. From the point of view of the ITP determination of
FAs various groups of organic acids (e.g., subgroups of humic and fulvic acids*'**)
need to be considered as potential interferents introduced in this way. As it is almost
impossible to prepare model samples of the corresponding compositions, we employed
samples of drinking water with relatively high TOC values (17-19 mg/1) to investigate
problems of this kind and to optimize the elution conditions for the FAs. The
isotachopherograms in Fig. 4 were taken from the analysis of such a sample of
drinking water. Volumes of 500 ml of the same sample treated by the sample
preparation procedures as described under Experimental were used. It is apparent that
Procedure B (Fig. 4B) provided a less complex anionic profile. Consequently, in the
analysis of samples spiked with FAs (see Fig. 5) it gave a lower bias of the quantitations
due to the enriched matrix constituents.

The recovery experiments summarized in Table ITI were carried out within
a period of 2 months with nine samples of drinking water taken from the same
sampling site (TOC = 19 mg/l). For obvious reasons, in these experiments we
employed sample preparation Procedure B. The samples and those spiked at various
concentrations with FAs (see Table III) were processed identically. The spiking
concentrations were chosen so that the total amounts of the individual FAs were
constant.
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Fig. 4. Comparison of (A) acetone and (B) diethyl ether in the desorption of organic anionic constituents
from the Carb sorbent. In both instances 500-m! volumes of the same sample taken from a potential source
of drinking water (TOC = 19 mg/1) were adsorbed in an identical manner (for further details see the text).
For the impurities introduced from the operational system, see Fig. [ A. ITP working conditions as in Fig. 1.

With the exception of 500-ml sample volumes, the reproducibilities of the
recoveries for the same sample repeatedly processed on the same column were 2-3
times higher than the long-term reproducibility data. However, the evaluation of a set
of data obtained over a long period of time gives a better measure of the overall
reproducibility of the proposed sample preparation procedure because it includes
random errors in the sample manipulation steps, dispersion in the sorption properties
of the columns and errors due to variability of the matrix. In these long-term recovery
data systematic errors due to changes in the compositions of the calibration mixtures
(gradual decreases in the concentrations of some FAs) were avoided by relating the
concentrations of the recovered acids to those in the reference sample from which the
samples of drinking water were spiked.

In general, the lower mean values and higher relative standard deviations of the
recoveries for 500-ml sample volumes can be ascribed to the displacement effects of
preferentially adsorbed organic constituents from drinking water. This problem can be

Fig. 5. Isotachopherograms from the analysis of drinking water spiked with fatty acids at 1.6 - 107 mol/l
with different sample preparation procedures. (A) Elution with acetone; (B) elution with diethyl ether. The
same samples and procedures as in Fig. 4 were used. ITP working conditions as in Fig. I.



ITP OF FATTY ACIDS 231

TABLE III

RECOVERIES OF C,~C, FATTY ACIDS FROM DRINKING WATER ON THE SEPARCOL-CARB
COLUMN

Relative standard deviations of the recoveries for 100-, 250- and 500-ml sample volumes were calculated
from the analyses of 14, 9 and 13 samples, respectively. The analyses were carried out within a period of
2 months. The concentrations of FA in the samples were 8 - 1077,3.2- 10~ and 1.6 - 10~ mol/l for sample
volumes of 100, 250 and 500 ml, respectively.

Acid Sample volume*

100 mi 250 ml 500 ml

(%) s (%) X(%) s (%) F(%) (%)

C, 96.6 16.7 100.7 7.8 100.2 215
Cs 92.0 10.5 95.8 5.5 97.3 16.1
Cs 93.4 10.8 94.0 7.2 90.3 22.5
C, 95.7 113 100.3 8.4 87.6 209
Cg 88.7 13.7 93.8 53 76.6 26.7
Co 86.9 12.3 101.3 10.8 79.5 28.0

a

X = mean recovery; s, = relative standard deviation.

solved by packing a larger amount of the sorbent in the column when a further
decrease in the detection limits is to be achieved via the use of higher sample volumes.
Such a solution, however, is not necessary in our particular case when it is realized that
only 3% of the final sample volume was taken for one ITP run. Therefore, when
desirable a larger injection volume can provide a more convenient means of decreasing
the detection limits. Here, it is important that the Carb sorbent is very effective in
removing inorganic anionic macro constituents (Cl-, SOZ~ and NOj ) from the
sample, thus minimizing the requirements concerning the load capacity of the
separation compartment. In this work 250-ml volumes of the samples of drinking
water were taken for analysis. After the sample preparation step the enriched acids
were present in a 1-ml volume, 30 ul of which were analysed by ITP. Under these
conditions we could detect with confidence ca. 5 - 10™8 mol/l concentrations of the
analytes (i.e., 4.5-8.0 parts per 10°, ppb, for the C,~C, homologues). A 10-fold
decrease in this value appears feasible by simply increasing the injection volume to 300
ul.

Typical isotachopherograms for the determination of FAs in a practical sample
of drinking water are shown in Fig. 6. In this instance, the sample and that spiked with
FA at 3.2 - 1077 mol/l were preconcentrated 250-fold before the ITP analyses. The
recoveries of the acids in this particular instance were in the range 90-100% and the
reproducibilities of the recoveries were in the range 6-9% (three parallel analyses).

CONCLUSIONS

Solid-phase extraction on a macroporous carbon sorbent (Separcol-Carb) has
been shown to be effective in decreasing the detection limit in the ITP determination of
some short-chain FAs in drinking water to the low ppb level even when the acids are
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Fig. 6. Determination of C4,—C, fatty acids in drinking water of TOC 19 mg/l. The sample was taken {rom the
same site as shown in Figs. 4 and 5 with a 2-month delay. Volumes of 250 ml of (A) the sample and (B) the
sample spiked with fatty acids at 3.2 - 10~ 7 mol/l were pretreated by the sample preparation Procedure B (see
Experimental). The zones of the acids were six times longer than the values calculated as the detection limits.
ITP working conditions as in Fig. 1.

present in complex organic matrices. This sorbent was found to be of only limited
utility in adsorbing the C;—C; homologues and thus it did not provide a sample
preparation procedure applicable to the complete group of investigated acids.
However, analogous disadvantages are common also to other sample preparation
procedures currently in use in the determination of FAs with prior separation
methods.

In spite of the fact that the Carb sorbent (like other types of carbonaceous
sorbents) is inherently less selective and it adsorbs both apolar and polar organic
compounds, its use for sample preparation in the ITP determination of FAs is
convenient when a high analytical specificity of ITP to the ionogenic compounds is
considered. From the practical point of view, by using this sorbent we could achieve
simple and rapid sample preparation (ca. 30 min by simultaneously handling ten
samples) with good recoveries of the adsorbed acids. It is also important that this
procedure can be easily adapted for field work and can be used for simple sample
storage (we found that the acids adsorbed on the column bed and stored for 1 week at
4°C in a capped tube gave recoveries that agreed well with a control experiment).
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SUMMARY

Alkaline hydrolysis of the pyrethroid insecticide alphamethrine has been
studied. After hydrolytic cleavage at various temperatures and pH values, the
degradation products, phenoxybenzoic acid and the dichloro derivative of chry-
santhemic acid, were identified and determined by means of capillary isotachophoresis
. Rate constants, activation energies and the reaction enthalpy and entropy were
calculated.

INTRODUCTION

Alphamethrine (I) belongs to the group of pyrethroid insecticides which have
recently been widely applied. It is essentially an isomeric form of a substance called
cypermethrine.

Studies of the determination of pyrethroid insecticides and their residues have

HC, ,CH;3 H3C\ ,CH3
r\A/coo—cu@ —@ COOH

1 Alphamethrine Dichlorochrysanthemic acid

H3Cy ,CH,
H3C
3
H3C

m-Phenoxybenzoic acid IV Chrysanthemic acid

0021-9673/89/803.50 © 1989 Elsevier Science Publishers B.V.
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concentrated especially on separation methods. A number of gas chromatographic
methods especially with electron-capture detection'™® and several liquid chroma-
tography procedures, especially high-performance liquid chromatography
(HPLC)3%7911 have been published for the determination of the content of
cypermethrine and its isomers in various materials.

Insecticides from the pyrethroid group undergo a variety of decomposition
reactions, eg., photodegradation, hydrolysis and metabolic transformations!~*¢. In
the case of alphamethrine, alkaline hydrolysis results in the degradation products II
and IIT which, due to their chemical structure, permit employment of analytical
capillary isotachophoresis for the determination.

Capillary isotachophoresis has so far been little used for the analysis of pesticide
formulations. However, recently several studies employing this technique have
appeared!”-18,

In the present work we have focused on the investigation of the hydrolytic
degradation of alphamethrine using isotachophoresis.

EXPERIMENTAL

Pure compounds I-1V were prepared for the isotachophoretic determination of
hydrolysis degradation products.

The compound alphamethrine, (R,S)-cyano(3-phenoxyphenyl)methyl (R, S)-cis-
3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate, was isolated from a for-
mulation Vaztak 10 EC (Shell) and repurified by a multiple crystallization from hexane
and acetone.

m-Phenoxybenzoic acid was prepared at the Palacky University Olomouc, while
compounds III and TV were synthesized at the Institute of Organic Chemistry of the
Polish Academy of Sciences (Warsaw, Poland). The purity of the compounds prepared
was monitored by elemental analysis.

Calibration solutions of the compounds II-IV at the concentrations 1 - 107>—
1.5 - 1073 mol I"! were prepared by dissolution in deionized water under mild
alkalization.

Solutions of Kolthoff-Vleeschhouwer buffer were used to maintain pH values
during hydrolysis: Na,CO; and Na,B,0, (ionic strength I = 0.15) for pH 10;
Na,HPO, and NaOH (I = 0.158 M and 0.193 for pH 11 and 12, respectively).

Analytical isotachophoresis

Isotachophoretic determinations were performed on an instrument for capillary
isotachophoresis in a two-capillary array ZKI 01 (URVIT Spisska Nova Ves,
Czechoslovakia). The driving current in the pre-separation capillary (150 mm x 0.8
mm [.D.) was 250 yA while a current of 30 yA was used in the analytical capillary (150
mm x 0.3 mm L.D.). Separated zones were detected by a conductivity detector the
signal of which was recorded on a two-line recorder. The sampling was performed by
a microsyringe (Hamilton), volume 5 pul.

The operational systems used are given in Table 1.

Alkaline hydrolysis
Alkaline hydrolysis of alphamethrine was carried out in sealed ampoules (10 ml)
in an atmosphere of argon. Always, 2.5 ml of buffering solution were added to 2.5 ml of
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TABLE |
OPERATIONAL SYSTEMS USED
MES = Morpholinoethanesulphonic acid; PVA = poly(vinyl alcohol).

System Leading ion, Counter ion pH Additive Terminating
¢ (mol 1) electrolyte,
concentration (M)

A Cl™ 1072 e-Aminocaproic acid 4.30 0.05% PVA MES 5 - 1073
B Cl™ 1072 Creatine 4.80 0.05% PVA MES 5 - 1073
C Cl™ 1072 Histidine 6.00 0.05% PVA MES 5 - 1073

alphamethrine solution (2 - 1072 mol I"! in ethanol). After removal of air by a flow of
argon, the ampoules were sealed and thermostatted at 30, 35, 40, 45 and 50°C. At
intervals of 10 min to 28 h and after cooling, the contents were made up to 50 ml with
deionized water in a volumetric flask. A 5 ul volume of this sample was injected into the
isotachophoretic analyzer. The concentrations of the degradation products formed
upon hydrolysis were found from calibration graphs.

N @] Ll (b)
3
2
1
30 L 30 s L
t(s) t(s)
- -
Fig. 1. Separation of degradation products: (a) system B, injection of 5 ul of mixture; | = II, 2 = ITI-trans,

3 = Hl-cis, 4 = V-trans, 5 = IV-cis; (b) system B, injection of 5 ul of hydrolysate; 1 = PO}",2 =11,
3 = 1Ml-cis. L = CI"; T = MES; 1 = time; R = resistance.
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TABLE II
RELATIVE STEP HEIGHTS

Compound ~ Heights relative 1o trichloroacetic acid

System A System B System C

11 1.66 1.69 1.44
HI-cis 2.08 2.00 1.50
II-trans 1.90 1.84 1.50
IV-cis 2.36 2.33 1.58
1V-trans 2.12 2.05 1.52

RESULTS AND DISCUSSION

Three electrolyte systems (Table I) were tested to choose a suitable separation
system for the isotachophoretic determination of compounds II-1V. In systems A-C
the separation of all three compounds takes place. In systems A and B, even cis and
trans isomers of compounds ITT and IV (Fig. 1) are fairly well separated. Separation in
systems leading electrolytes of lower pH values (pHy = 3.60) could not be performed
due to the low mobilities of the compounds. For single electrolytes the relative zone
heights were calculated, relative to trichloroacetic acid (step height 1.00, Table II).

From the isotachophoretically determined concentrations of compounds II and
IIT in hydrolysates, the time dependences were constructed and the recovery upon
hydrolysis after 28 h was calculated (Table I1I). The relative standard deviations of
recovery ranged from 1.3 to 2.6% for cis-dichlorochrysanthemic acid (I1I-cis) and
from 1.7 to 4.0% for m-phenoxybenzoic acid (II), respectively (mean of four paraliel
determinations). ‘

The course of hydrolysis satisfies a first-order kinetic equation from which the
values of the rate constants (Table IV) were obtained and their dependence on the
reciprocal of the temperature was plotted (Fig. 2). The Arrhenius equation

AH = Eo + RT ey

TABLE III
RECOVERY UPON HYDROLYSIS FOR 28 H

Temperature Mean recovery (%)

(°C)

pH 10 pH 11 pH 12

V4 HI-cis i Hl-cis I I-cis
30 29 13.2 4.5 18.1 7.8 39.2
35 4.3 19.0 48 25.3 10.1 45.0
40 5.7 27.3 6.6 32.0 12.8 52.1
45 7.7 35.0 8.8 40.0 18.1 68.4

50 10.0 45.2 12.0 49.3 19.3 93.0
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TABLE 1V

RATE CONSTANTS, k (AT TEMPERATURE T = 50°C), ARRHENIUS EQUATION, ACTIVATION
ENTHALPY AND ENTROPY

The k values are given as the means of four parallel determinations; CI = Confidence interval expressed as
twice the estimated standard deviation.

pH  k+ CI Arrhenius equation 48 AH
(llmol - s) (Jjmol - K)  (kJjmol)

10 (760 £ 0.12) - 1075  Ink =600 — 500 10° 7' —2026 43.8

I (1.14 £ 0.02) - 10*  Ink =660 —510-10° 7! _197.6 44.7

12 (235 + 0.02) - 107 Ink =779 — 534103 7! —187.7 46.7

was used for calculation of the activation energy, E,, and activation enthalpy, 4H, as
well as for activation entropy, 45

AS:R(lnA—ln%Z—n @)

where A, kg and h are the frequency factor, Boltzmann and Planck constants,
respectively. Calculated values are given in Table IV.

Recovery of m-phenoxybenzoic acid from hydrolysates ranged from 2.9 to
19.3% (Fig. 1b), was poorly reproducible and could not be employed for the
investigation of the degradation process.

In k

-7~

L
31 3.2 33103
T

Fig. 2. Graphical expression of the Arrhenius equation, pH 10 (4), 11 (@) and 12 (k).
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SUMMARY

Capillary zone electrophoresis has been tested for the separation of angioten-
sins, cationic heptapeptides and model histidine derivatives. Good separation effi-
ciencies are seen for peptides and model compounds with negative to small positive
net charges. For net charge greater than + 2, addition of putrescine to pH 6 buffer
greatly suppresses ion exchange at anionic sites on fused silica. When operating at pH
values where histidine groups are neutral, addition of Zn2* allows separations based
on metal, rather than proton, binding. Separation efficiencies and relative migration
times are dependent on capillary length when ion-exchange behavior occurs.

INTRODUCTION

Capillary zone electrophoresis (CZE) is a powerful, high-speed separation tech-
nique featuring high resolution, flexible operating conditions and on-line detection!-2.
The method has proved particularly valuable for separating proteins®~¢ and amino
acids ™. Relatively little work has been done on peptide separations by CZE. Fire-
stone et al.'® used a commercial isotachophoresis (ITP) analyzer with a 0.5 mm I.D.
PTFE capillary to determine Phe-His purity. Use of CZE-mass spectroscopy for the
identification of Phe-Phe, Trp-Phe, leucine enkephalin and vasotocin has been re-
ported''. Labeled peptides from tryptic digests of chicken egg white have been sep-
arated!?, but not identified.

The predominant factor affecting peptide mobility changes over the CZE oper-
ating pH range 4-10 is ionization of His moeities. At tow pH values, accumulation of
positive charge due to protonation of His could lead to interactions with fixed, nega-
tive charges on capillary walls, resulting in decreased efficiencies. Previous studies*
have discussed difficulties in obtaining high efficiency CZE separations of positively
charged proteins due to surface interactions. It is not clear how serious this problem is
for small peptide separations.

This study reports CZE separations of various His containing compounds:
model His derivatives, blocked His-Gly copeptides and human form angiotensins.
The net positive charge necessary for significant peak broadening due to surface
interactions is assessed, and improvements in efficiencies of cationic peptide sep-
arations are explored through use of metal or organic cation additives. Investigations

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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are performed using a modified, commercial ITP instrument and a liquid chromato-
graphy UV-VIS detector.

EXPERIMENTAL

Apparatus

LKB 2127 Tachophor (Bromma, Sweden) power supply and analyzer units
were used to supply high voltage to the CZE buffer reservoirs. The ITP capillary and
detector were replaced with two 50-cm 1.5 mm x 0.8 mm I.D. PTFE capillaries.
These wide-bore capillaries were filled with working buffer and provided electrical
contact to the 25-ml polypropylene beakers used as CZE reservoirs. The terminating
reservoir of the Tachophor was fitted with a membrane to prevent drainage to the
CZE reservoir. Reservoirs in the Tachophor analyzer unit were filled with deionized
water. A schematic diagram of the connections for CZE are shown in Fig. 1. One
potential advantage of this arrangement with buffer filled electrical contacts is isola-
tion of the electrolysis products from the CZE reservoirs.

Untreated 75 um 1.D. fused-silica capillaries (Scientific Glass Engineering, Aus-
tin, TX, U.S.A.) were used for electrophoresis. Active capillary lengths (anode-to-
detector) were 40 or 70 cm with total lengths (anode-to-cathode) of 70 and 100 cm,
respectively. Capillaries were mounted through a 1-mm, straight-bore, preparative
flow cell cassette of an ISCO V4 UV-VIS detector (Lincoln, NE, U.S.A.), as shown in
Fig. 2. A l-cm section of the outer polymer coating on the capillary at the location of
the detector window was removed with a razor blade prior to mounting.

Chemicals
Buffer solutions used for electrophoresis are shown in Table I. CHES, MES and
Tricine were obtained from Sigma (St. Louis, MO, U.S.A.). Potassium phosphate

2127
POWER
SUPPLY

HY
CABLE

recorder

2127
ANALYZER

75 pym fused silica

v
0.8 mm PTFE - [ [1]+
\ /
V]
Vo

2427 TPX reservoirs

Fig. 1. Schematic diagram of connections from LK B 2127 Tachophor to external buffer compartments and
ISCO V4 for CZE.
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d

Fig. 2. Detail of connection of fused-silica capillary to ISCO V4 [ mm, preparative flow cell cassette. Side
view of cassette. (a) Omnifit 1/4 in. x 28 fitting, (b) 1.5 x 0.3 mm PTFE tubing, (c) epoxy seal, (d)
fused-silica capillary, (e) [-mm flow path, (f) cassette, (g) 0.8-mm incident aperture, (h) flow cell window.

monobasic, potassium hydroxide and potassium chloride were obtained from Fisher
Scientific (Pittsburgh, PA, U.S.A.). Zinc perchlorate hexahydrate was obtained from
Johnson Matthey (Seabrook, NH, U.S.A)). Buffers were prepared at the molarities
listed in Table I, and the pH was adjusted with 1 M KOH.

His-containing compounds tested are listed in Table II. All compounds were
obtained from Sigma, except for the 4-His, 3,5-diHis and 2,4,6-triHis heptapeptides.

TABLE I

COMPOSITION OF BUFFER SYSTEMS AND RESULTING CURRENTS IN THE 40 cm AND 70
cm X 75 um CAPILLARIES

pH  Buffer system uAat 15 kV

40 cm 70 cm

6 20 mM N-morpholinoethanesulfonic acid (MES) 17 -
10 mM KCl

7 10 mM KH,PO, 14 9.7

7.5 20 mM N-tristhydroxy methyl)methyl glycine (Tricine) 13
10 mM KCl .

8 20 mM Tricine 17 -
10 mM KCl

9 20 mM N-cyclohexylaminoethanesulfonic acid (CHES) 1S -

10 mM KClI
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TABLE 11
COMPOUNDS STUDIED

Histidine derivatives

1 L-Histidine methyl ester (HME)
) Glycyl-L-histidine (Gly-His)
3) L-Histidine (His)
4) N-Acetyl-L-histidine (NAH)
Model heptapeptides
M) Hca-Gly-Gly-Gly-His-Gly-Gly-Gly-NH-CH, (4-His)
(Hca = hydrocinnamyl)
(D) Hea~Gly-Gly-His-Gly-His-Gly-Gly-NH-CH, (3,5-diHis)
(3] PMH-Gly-His-Gly-His-Gly-His-Gly-NH-CH; (2,4,6-triHis)

(PMH = p-methoxy hydrocinnamyl)

Angiotensins

1)) Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu
an Asp-Arg-Val-Tyr-1le-His-Pro-Phe
(111) Arg-Val-Tyr-Ile-His-Pro-Phe

These peptides were synthesized by standard solid-phase techniques on an automated
peptide synthesizer (Biosearch Model 9500, San Rafael, CA, U.S.A.). All His were
double coupled using Boc-tosyl His. The resin used was a standard polystyrene 1%
cross-linked with divinylbenzene. The peptides were cleaved from the resin using neat
methylamine at 4°C (8 p.s.i.g.) for 12 h. Methylamine was removed under vacuum
and residual amine neutralized with acetic acid, all at 4°C. The crude mixture was
dissolved in water and separated from the spent resin. Purification to homogeneity
was accomplished by preparative reversed-phase chromatography using Vydac C-13
alumina (The Separations Group, Hesperia, CA, U.S.A.) eluted with a linear aceto-
nitrile-water gradient containing 1% trifluoroacetic acid.

Procedures

UV detection was performed at 220 nm, 0.01 a.u.fs. for all runs. The LKB
power supply was operated at a separation voltage of 15 kV in a constant current
mode. Sampling was performed by electromigration at 5kV for 5 s from samples
diluted in the appropriate buffer. Electropherograms were recorded on a Kipp and
Zonen BD-41 strip chart recorder at 1 cm/min chart speed, or were processed using a
data acquisition system described previously'?.

pK, titrations

Concentration-based pK, values for the synthetic heptapeptides were deter-
mined by potentiometric titration in 0.5 M NaClO,. A Metrohm 636 Autotitrator
(Herisau, Switzerland) was used with a Metrohm Model 6-0210-100 combination pH
electrode. The reference filling solution was 3 M NaCl-0.5 M NaClO,. The titrant 10
mM NaOH-0.5 M NaClO, was standardized vs. dried potassium acid phthalate from
the National Bureau of Standards (Gaithersburg, MD, U.S.A.). Electrode calibration
in pH was performed by titrating 10 ml of 2 mM HCIO0,-0.5 M NaClO,. Peptides
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were diluted to 1 mM in 0.5 M NaClO, and, if needed, excess HCIO, added. All
titrations were performed in duplicate and the data analyzed using Motekaitis and
Martell’s PKAS program!#.

RESULTS

Model compounds

Fig. 3 shows separations obtained for the four model compounds listed in Table
L. These compounds were selected to give one anionic species (NAH,4), one cationic
species (HME, 1) and two nominally neutral species (His,3 and Gly-His,2) in the pH
range covered. Good separations are seen with each buffer. Numbers of theoretical
plates, N, are highest for anionic NAH, 170 000 at pH 9, and are lowest for cationic
HME, 11000 at pH 6. Broader peaks for His are due to a comigrating impurity,
which can be seen at pH 7. Peak broadening for the cationic model compounds is
measurable; however, reasonable efficiencies for all compounds are seen across this
pH range.

Of interest is the reversal of migration order for His and Gly-His between pH7
and 8. These migration orders are consistent with calculated charges on the molecules
at different pH values (see Discussion, Table IIT).

Cationic heptapeptides

Heptapeptides containing a glycine backbone with one (M), two (D) or three
(T) His, as given in Table I, were run at pH 6 - 9. The peptides are blocked at both N-
and C-termini, so that only charges on the His govern the total peptide charge.

4
pH 8 4

pH 6

2 32

143 1
4
oH 7 pH 9
4 2
1
23
1 3
r T T

{ T T T T T T T L T T T T
0 2 4 min 6 0 min 2 4 6 8

Fig. 3. Separation of small model compounds vs. pH. 1 = HME, 2 = Gly-His, 3 = His, 4 = NAH. 0.4
mg/ml each compound; 40-cm capillary; 15 kV.
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pH B T.O.M
pH 6
0 M
R | L
e
pH 7 pH 8 T.OM
T.0
M
RO S
T T T T T T T L] T T T ¥ T T
0 2 4 min 6 0 2 4 min 6

Fig. 4. Separation of cationic heptapeptides vs. pH. M = 4-His, D = 3,5-diHis, T = 2,4,6-triHis. 0.5
mg/ml each peptide; 40-cm capillary; 15 kV.

Blocking of the C-terminus also allows relatively high positive charges at neutral-to-
basic pH’s.

Electropherograms of these peptides are shown in Fig. 4. Separation of the
mono- (M) and di-His (D) peptides at pH 6 gives N values of 26 000 and 15 000 and a
resolution of 2.8. However, the highly cationic tri-His migrates after mono-His and
shows extreme peak broadening. At higher pH values these peptides comigrate as
histidines become deprotonated and all net charges approach zero.

0 mM putrescine

0 M
I | S

0.5 mM putrescine
D,T

N

2 mM putrescine

Fig. 5. Separation of cationic heptapeptides in pH 6 buffer with varying amounts of putrescine added.
Same conditions as Fig. 4.
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Band broadening in CZE will result from any process that is not homogeneous-
ly distributed in a radial direction (e.g. surface interactions, thermal gradients, lami-
nar flow). While most discussions of adsorptive broadening have focused on proteins,
poor efficiencies also have been observed for di- and tri-valent metals'3. Adsorption
of cationic species in CZE can be viewed as simple ion exchange with buffer cations at
negative sites on the capillary wall. Ton exchange could be minimized by using buffer
cations with strong affinities for surface exchange sites. Lauer and McManigill* sug-
gested that polyvalent organic cations can sharpen CZE protein peaks.

Fig. 5 gives the resuits of adding putrescine to pH 6 buffer to minimize ion
exchange of the tri-His peptide. Putrescine (2 mM) gives an improved separation of
the three His-containing peptides. The peptides now migrate in order of His content
with plate numbers of 19 00062 000. Analysis times are increased only marginally by
{-potential changes and reductions in electroosmotic flow.

Use of a metal containing buffer also was tested for obtaining improved sep-
aration of the peptides. As described above, excessively high charges can occur when
protonation of His alone is used to affect a separation. Differential affinities for
metals, rather than protons, could be another basis for separation. Fig. 6 shows
separations obtained in pH 7.5 tricine buffer with and without added Zn2*. pH 7.5
was chosen so that His protonation would be minimized and Zn-His interactions
maximized. Also, operation at a pH substantially less than the buffer pK, minimizes
Zn(tricine), formation and possible Zn deactivation.

Improved separation is seen with the Zn-containing buffer. However, the pep-
tides do not migrate in order of expected Zn affinity (tri > di > mono). The tri-His
peptide displays a long migration time and relatively low efficiency (N = 7000). Large
positive charges are possible for complexes of Zn?*, tricine (HB) and tri-His peptide
(H5T), namely ZnT?*, ZnHT** and Zn(B)HT?". Thus, late migrating tri-His can be
explained by ion exchange of the Zn complexes.

0 mM Zn

1 mM Zn

Fig. 6. Separation of cationic heptapeptides in pH 7.5 buffer with and without addition of | mM Zn
(ClO,),. Same conditions as Fig. 4.
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Fig. 7. Separation of human form angiotensins I, Il and I ws. pH. 0.5 mg/ml each peptide; 40-cm
capillary; 15 kV.

Angiotensins

To test CZE for the separation of biologically important cationic peptides,
angiotensins I, IT and I1I were run at pH 6-9. Fig. 7 shows that excellent separations
are obtained, with the best efficiencies and resolutions occuring at pH 8. N values are
64 000 for 11, 180 000 for T and 192 000 for 11. Resolutions are 3.4 for IT1/T and 2.5
for I/I1. Lower efficiencies are seen as positive charge on the angiotensins increase;
however, peak broadening does not rule out the high-resolution separation of these
compounds as cations.

11

111
I
0 M
MWW‘MJ\T"V‘A
T T T T T T T T 4 T T T T T T
0 2 2 6 8 min 10 12 14

Fig. 8. Separation of His containing compounds in 70-cm long capillary, pH 7 buffer. Top: model com-
pounds, middle: angiotensins, bottom: synthetic peptides. Concentrations same as in Figs. 3, 4 and 7; 15
kV.
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The 70-cm capillary separations

Separations are shown in Fig. 8 for each class of compounds using a 70 cm X
75 pm capillary and pH 7 buffer. The longer capillary was used to test for thermal
broadening in the previous 40-cm separations. Efficiencies increased by a factor of 2.3
for HME and 3.5 for Gly-His and NAH, indicating that the thermal effect of reduc-
ing the current from 14 yA to 9.7 uA on going to the longer capillary is significant.

For cationic peptides, a striking difference in the total separation pattern is
seen. All three peptides can be separated at pH 7 in the long capillary, but with tri-His
migrating last. Also, N for the tri-His peptide is only 6000 at 70 cm while N = 18 000
for the combined di/tri peak at 40 cm. Finally, the migration time of angiotensin III is
longer for the 70-cm capillary relative to I and II, with essentially no increase in plate
number.

These results indicate that ion-exchange retardation of highly charged, cationic
compounds is dependent on capillary length. Increased capillary length leads to lower
efficiencies for ion-exchanging cations, in contrast to diffusion limited separations
where N is independent of length?.

DISCUSSION

While the results presented here show lower separation efficiencies for cations
than for neutrals and anions, acceptable peak shapes were obtained for all com-
pounds except tri-His at pH 6. To assess the positive charge necessary for severe peak

TABLE ITI

CONCENTRATION-BASED pK, VALUES AND CALCULATED CHARGE Vs, pH FOR COM-
POUNDS STUDIED

K, Caleulated net charge

pHG6 pH7 pHE pHOI

Histidine derivatives®

HME 72,53 +1.1 +06 +0.1 00
Gly-His 8.1;6.7,2.5 +08 +03 —-04 —09
His 9.1, 6.0, 1.7 +0.5 +01 —-0.1 —-04
NAH 7.0, 2° =01 -05 -09 —1.0
Heptapeptides*

tri-His 7.3,6.7,6.2 +24 +11 +02 00
di-His 7.1, 6.3 +1.6 +07 +0.1 00
mono-His 6.8 +09 +04 +0.1 0.0
Angiotensins®

I His = 6.7 +1.9

I His = 7.1, 6.3 +1.6

II His = 6.7 +09

“Ref. 18,1 = 0.10r0.16 M.
® Estimated.

¢ This work, I = 0.5 M.

¢ Estimated, see text.
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degradation due to surface ion exchange, net charges for each compound were calcu-
lated using cumulative Henderson-Hasselbach relations!®. Heptapeptide pK, values
were determined as described in the Experimental section, while literature values were
used for His derivatives. For angiotensins, N-termini, Tyr and Arg side chains were
assumed to be fully protonated and C-termini and Asp side chains were assumed to
be fully deprotonated at pH 6. His residues were given values corresponding to those
for the mono- and di-His heptapeptides. Charges at pH > 6 were not calculated for
the angiotensins due to uncertainties in N-terminus and interior Tyr pK, values.

Table IIT gives the calculated charge-pH data for the compounds tested. In-
spection of the Table reveals that a net charge of > +2 is necessary for the severe
ion-exchange retardation seen with tri-His in a 40-cm capillary. Good correlations are
seen between charge and migration orders within compound classes. Accurate deter-
mination of migration times and electroosmotic flow vs. pH should enable CZE to be
used for pK, determinations, similar to procedures developed for ITP'".

Results presented here indicate that CZE in 40-cm capillaries is capable of high
efficiency separations of peptides and model compounds if charges are < +2. Use of
ion-exchange supressors such as putrescine extends the range of CZE to more posi-
tively charged compounds. Alternatively, metal binding at higher pH’s can be used to
improve separations of His-rich peptides. Separation of the 3,4-, 3,5-, 3,6- and 2,6-
positional isomers of the di-His heptapeptide was attempted using Zn** buffers. pH
7.5 buffer containing 1 mM Zn?™* is slightly effective in splitting out one isomer, but
higher metal concentrations give excessive ion-exchange broadening. Tailoring the
pH/metal content of CZE buffers and use of ion-exchange suppressors or deactivated
capillaries could yield high-resolution separations of peptides based on both His
content and spacing. Also, mobility modifications observed here with Zn** complex-
ation suggest the potential for chiral separations of underivatized enantiomers using
simple UV detection.
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HIGH-VOLTAGE CAPILLARY ZONE ELECTROPHORESIS OF RED BLOOD
CELLS

AN ZHU*“ and YI CHEN
Institute of Chemistry, Academia Sinica, 100080 Beijing ( China)

SUMMARY

The high-voltage wide-bore capillary zone electrophoresis of red blood cells was
investigated. The reproducibility of the retention time (electrophoretic mobility) is
excellent and the differentiation among various species is good. The peaks in the
electropherogram describe the distribution of the size and/or surface charge of the cells
and are therefore broad. The relationship between the peak height and the number of
cells injected is good, with linear correlation coefficients better than 0.98. Details of the
preparation of cell suspensions and support electrolytes are given, which is essential for
obtaining reproducible results. The inner surface of FEP capillary tubing is degraded
by the application of high voltage and a pause is necessary between successive
experiments if good and reproducible peak shapes are to be obtained. The length of the
pause increases with the number of experiments made, and finally the tubing becomes
useless. Inspection of the inner surface by X-ray photoelectron spectroscopy showed
the breakdown of CHF bonds, but the actual mechanism is not known.

INTRODUCTION

Since 19792, capillary zone electrophoresis (CZE) developed rapidly. With
a capillary of 1 m or less long, both small and large molecules can be separated with
efficiency of 10%-ca. 10° theoretical plates. Whereas high-performance liquid chrom-
atography (HPLC) suffers from a decrease in efficiency when dealing with large
molecules, CZE features a high and increasing efficiency because the larger the
molecules are the smaller is the diffusion coefficient. In previous work mainly small
ions were studied. A few papers were devoted to protein separations®. It was found
that in the separation of charged biomolecules by CZE, care had to be taken to avoid
adsorption on the inner wall of the tubing, otherwise no peak is observed. Recently,
CZE of proteins was accomplished with an efficiency of ca. 8 - 10° theoretical plates>.

An attempt was made in our laboratory to explore the advantages of the CZE of
cells or suspensions, which are several orders of magnitude larger than proteins or
other biomacromolecules if a single cell or particle is counted as a molecule. Human,

“ Present address: Department of Chemical Engineering, Yale Univerity, New Haven, CT
06520-2159, U.S.A.
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chicken, porcine and rabbit red blood cells (RBC) were electrophoresed and the
mobilities of the RBC and their distribution thus determined were comparable to
previously reported data. The high-voltage CZE of cells has advantages such as
outstanding reproducibility, rapidity, simultaneous measurement of a swarm of cells
and hence good statistical significance, automatic recording and relatively simple
apparatus. The operating conditions were found to be critical and were systematically
studied. The inner surface of the FEP (fluorinated ethylene—propylene copolymer)
tubing was degraded during electrophoresis, leading to a steadily increasing relaxation
time between two successive experiments until the tubing surface became permanently
damaged.

EXPERIMENTAL

Chemicals

N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonicacid (HEPES), morpholino-
ethane sulphonic acid (MES) and other organic electrolytes were donations from
Dojindo Laboratories (Kumamoto, Japan) and the FEP capillary was donated by Dr.
Shigeru Terabe (Department of Industrial Chemistry, Kyoto University, Kyoto,
Japan). Hydroxypropylmethylcellulose (HPMC) II was purchased from Sigma (St.
Louis, MO, U.S.A.) and Tris, glucose (chemically pure) and the inorganic salts
(analytical-reagent grade) were purchased from Beijing Chemical Works (Beijing,
China). Triply distilled water was prepared in this laboratory.

Electrolytes

As a medium for RBC, the support electrolyte must be isotonic and of the same
density as the blood. The electrolytes used in this study are listed in Table I. The use of
glucose instead of sucrose will be discussed elsewhere.

Apparatus

The Model RHR 40 PN high-voltage power supply (040 kV, 0-3 mA) was
purchased from Spellman (Plainview, NY, U.S.A.) and the UV Model 238 detector
was from LKB (Bromma, Sweden), in which a filter of 206 nm was mounted. The
sensitivity range was set at 0.005 a.u.f.s. The laboratory-made CZE apparatus is shown

TABLE 1 .
COMPOSITIONS OF THE SUPPORT ELECTROLYTES

Code  Ingredients*® pH adjuster

HI1 0.012 M HEPES, 5.14% G Tris

H2 0.012 M HEPES, 4.70% S, 2.50% G Tris

M 0.0055 M MES, 5.30% S, 2.50% G Tris

P1 22-10* M KH,PO,, 4.0 - 10* M, KCl Na,HPO,
1.14 - 107* M MgCl,, 5.30% S, 2.50% G

P2 44 -10~* M KH,PO,, 8.0 - 107* M, KCl Na,HPO,

2.3 107* M MgCl,, 7.60% S, 1.00% G

@ The pH and the percentage of the additive (HPMC) are specified in the text.
b S = Sucrose; G = glucose.
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Fig. 1. Schematic diagram of the CZE apparatus. | = Pt electrode; 2 = electrolyte reservoir; 3 = three-way
valve; 4 = 20-ml plastic syringe; 5 = drain; 6 = injection port; 7 = water cooling jacket; 8 = FEP capillary;
9 = UV detector; 10 = recorder; |1 = high-voltage power supply; 12 = semipermeable membrane.

schematically in Fig. 1; an FEP tube (8) of 0.45 mm I.D. was fitted vertically. The
electrolyte solution in the capillary was cooled by a water-jacket (7), with a few
exceptions when air cooling was used as specified in the text. A semipermeable
membrane (12) at the outlet of the tubing formed a seal to prevent the solution from
flowing by gravity. A small hole was drilled at the top of the UV detector housing as the
inlet passage for the FEP tubing, which protruded out from the front panel and the
part of it in the housing served as the flow cell. The upper and lower electrolyte
reservoirs (2) were LKB injection block 2127-007 and membrane block 2127-008,
respectively. The three-way valve (3) was a built-in part of the latter. The lower
electrode was grounded.

Filling the tubing with electrolyte

Valve 3 (fig. 1) was turned so that the electrolyte solution in the upper reservoir
was sucked into the capillary by drawing the plunger of the 20-ml plastic syringe (4).
The valve was then turned to connect the capillary and the lower reservoir and 30
s later the sample was injected with a microlitre syringe. The high-voltage power supply
was turned on to start the electrophoresis.

Renewal of electrolyte
After the electrophoresis had ended, valve 3 (Fig. 1) was turned to drain the
liquid in the capillary and the inside of it was washed successively three times with
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distilled water and twice with the electrolyte before it was refilled. If the electric current
differs considerably from the normal value while the voltage remains the same, the
electrolyte in the reservoir must be renewed. One filling of the reservoir sufficed for
four CZE experiments provided that the organic electrolyte was used. If the electrolyte
is to be replaced with another the whole flow system should be washed carefully with
distilled water.

Preparation of cell suspensions

Fresh arterial blood from chicken and pig, venous blood from rabbit and human
blood from the finger tip were taken and the anticoagulant trisodium citrate was
added. They were washed four times with 100 volumes of phosphate-buffered
physiological saline (PBS) and then diluted to 40 times the original volume (ca. 10°
cells mm™2) in the support electrolyte; they were then ready for the CZE experiment. If
lysis happened to occur, the suspension was centrifuged at 2500 rpm for a few minutes
and the settled cells were diluted as above.

Fixation of cells

CZE of fixed RBC was also studied. The blood with anticoagulant was allowed
to settle and the cells were washed four times with 20 volumes of PBS and then mixed
with 8 volumes of 3% (v/v) formalin in PBS. The mixture was kept at 4-6°C with
occasional tapping for 4 h, then 2 volumes of cooled 37% (w/v) formalin were added
and thorougly mixed and the mixture was kept consecutively at 4-6°C and room
temperature each for 24 h with occasional tapping. The fixed cells were washed 4-5
times with 0.9% (w/v) saline and diluted with 9 volumes of the saline and stored in
a refrigerator.

If glutaraldehyde was used instead of formalin, the blood with anticoagulant was
first washed five times with 10-20 volumes of 0.9% saline, the cells and 1% (v/v)
glutaraldehyde in saline were first separately cooled to 4°C and 10 volumes of the 1%
glutaraldehyde were added to the cells slowly while tapping. The reaction was allowed
to proceed for 30—45 min and the fixed cells were washed five times with physiological
saline, diluted with 9 volumes of water and then stored in a refrigerator.

RESULTS AND DISCUSSION

Addition of HPMC

Previous work met with difficulties when proteins were electrophoresed in
a capillary because proteins were adsorbed on the inner wall of the tubing no matter
what material was selected for the tubing. The problem was solved by increasing the
pH of the electrolyte to more than 8.253 so that both the protein molecules and the wall
of the tubing were negatively charged. This approach does not seem to be widely
applicable. At the beginning of this work the adsorption of the cells was also of concern
and bovine serum albumin was tried as an additive to the electrolyte to alleviate the
adsorption. Reasonable peaks could be observed but the reproducibility was poor.
HPMC, an additive for suppressing unwanted electroosmotic flow, was unexpectedly
found to be excellent in obtaining good CZE peaks. It is the linear agglomeration of the
RBC rather than adsorption which spoils the CZE of erythrocytes. HPMC presum-
ably acted as a surface-treating agent which broke down the linear agglomerates.
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Fig. 2. Electropherogram of human RBC. Electrolyte: H1 containing 0.10% (w/v) HPMC, pH 7.18. ¥ = 20
kV; I = 120 uA; T = 19°C. Q (injection volume) = 1 pul.

Without HPMC, there were many spikes superimposed on the peak of RBC which
stemmed from the agglomerates of irregular size and charge. The RBC peak also tailed
slightly.

Effect of inner diameter of the tubing

No peak could be observed with tubing of I.D. < 0.3 mm and good results were
obtained with .D. = 0.45 mm. Tubing of 0.5 and 0.6 mm I.D. gave similar results, but
the current was high, the baseline became too noisy and spurious peaks frequently
emerged. Hence tubing of 0.45 mm I.D. was employed in this study through-out. The
total length was 85 cm and the distance from the injection block to the detector was 60
cm.

The CZE of RBC

A typical electrophorogram of the RBC of a healthy man is shown in F ig. 2. The
distribution of electrophoretic mobility can be directly seen from the curve and the
most probable mobility can easily be calculated from the retention time. As

V= Vg + Vo )

where V, Vi and ¥V, are the velocities of the apparent migration of the cells, the
electrophoretic migration due simply to the electric field and the electroosmotic flow,
respectively, the effective electrophoretic mobility, m (cm? s=' V-1!), of RBC is
obtained as

LR_ 0S
m = W) — Vel o

where L is the length of the tubing from the injection point to the detector (cm), # the
retention time (s) and E the electric field strength (V cm™). The sedimentation of the
cells in the vertical tubing is negligible (ca. 1 cm h~') and is not included in eqn.
1 because the electrolyte was so prepared that its density was nearly identical with that
of the RBC. By injecting pyridine into the lower end of the capillary, V,, was
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TABLE 11
RETENTION TIMES OF VARIOUS RBC ELECTROPHORESED INDIVIDUALLY AND MIXED
WITH OTHERS

RBC CZE conditions Retention time (min)

Individual ~ Mixed

(a) Chicken, Electrolyte M1 + 0.010% 283 283(a + b)

formalin fixed HPMC, pH 7.33; V = 15 kV;

I = 110 uA; T = 17°C (air cooled) 32.8 325( + b)

(b) Porcine,

glutaraldehyde

fixed
(c) Rabbit Electrolyte HI + 0.10% 26.6 269 (c + d)
(d) Human HPMC, pH 7.18; V = 20 kV; 14.0 14.1 (¢ + d)

{ =120 yA; T= 18°C

measured® to be 25 ¢cm in 36.5 min, i.e., 0.0114 cm s~*. From the retention time of 13.9
min of the peak in Fig. 2, m is calculated to be —3.55 - 10~* cm? s~} V='. This agrees
with the result of —4.3 - 107*cm? s~ V™! (refs. 5 and 6) if the difference in the viscosity
and the isotonic additive of the electrolytes used are taken into consideration’. The
base width of the peak measured with the laser Doppler technique, 0.65 - 10~* cm? s~
V1 (ref. 8), is twice that in Fig. 2, and the latter is close to the value resulting from
microscopic cell electrophoresis®. This serves to illustrate the high efficiency of the
CZE technique.

When human and rabbit RBC and a mixture of them were electrophoresed
successively, no distortion of the peak or shift of the peak maxima was observed in the
electropherogram of the mixture, which indicates the absence of interaction between
the RBC of the two species. Similar results were obtained for the formalin-fixed
chicken RBC and glutaraldehyde-fixed porcine RBC. The retention times are listed in
Table II. The differentiation of RBC from different sources or the cells of patients from
those of normal persons might therefore be possible. _

The number of cells in a single injection was ca. 1 - 10°, hence the peak shape was
a good approximation to the distribution of the mobilities, which could be obtained in
less than 30 min, while the microscopic cells electrophoresis measured the cell one after
another. Even modern computerized apparatus such as the Parmoquant IT (G.D.R.)
took more than 1 h to measure 100 cells, which was less than sufficient for describing
the distribution of the mobilities.

Reproducibility of the determination of mobilities

The retention times (mobilities) of various cells under different conditions are
compared in Table III. The coefficients of variation were always below 2.0%, and
injections with different concentrations (Table IT1, No. 4) or different sample volumes
(Table III, No. 1) did not impair the reproducibility. With such a high precision, minor
changes in surface charge (and hence mobility) due to disease could then be detected
with ease. The reproducibility of microscopic cell electrophoresis was bad and it would
consume too much time if a host of cells (say, more than 500) are measured in order to
give results with sufficient statistical significance.



CZE OF RED BLOOD CELLS

TABLE III

REPRODUCIBILITY OF THE RETENTION TIME OF VARIOUS RBC

Injection volume 1 ul

unless stated otherwise.

RBC Electrolyte and CZE conditions Retention Coefficient of
time (min) variation
(CV.) (%)
(a) Chicken, P2 + 0.008% HPMC, pH 7.40; 239 1.8
formalin V=15kV; =140 uA; T ~
20°C (air)
(b) Chicken, Pl + 0.020% HPMC, pH 7.40; 27.5 1.6
formalin fixed V= 15kV; T = 110 pA; T ~
16°C (air)
(c) Chicken, M1 + 0.010% HPMC, pH 7.33; 282 0.3
formalin fixed V=15kV;I =110 uA; T ~
16°C (air)
(d) Chicken MI + 0.010% HPMC, pH 7.33; 23.5 [.2
V=1I15kV; I =130 uA; T =
20°C
(e) Human® HI + 0.10% HPMC, pH 7.40; 15.1 0.5

V=20kV; [ =150 uA; T =
18°C

“ Different concentrations, 1.1 - 10%, 0.64 - 10%, 0.89 - 10% and 0.5 - 105 cells ul™!, were injected.
® Different volumes, 0.2, 0.5,1.0, [.5 and 2.0 ul of the RBC, were injected.

Another example is the retention times of the RBC of healthy male and female
persons, as shown in Table IV. The coefficient of variation of the six measured
mobilities was 1.32%, which was no worse than measuring the RBC from a single

person.

Linearity

The peak height varied linearly with the sample size as in chromatographic
analysis. Table V shows the linearity at different pH values and with different ranges of

TABLE IV

RETENTION TIMES OF THE RBC OF HEALTHY INDIVIDUALS

Electrolyte H1 + 0.10% HPMC, pH 7.18; V = 20 kV; I = 120 uA; T = 19°C.

No. Age  Sex Retention
time (min)

1 20 Male 14.0

2 28 Female 13.6

3 23 Male 13.7

4 30 Male 13.6

5 21 Female 13.8

6 27 Male 14.1
13.8

Mean (C.V. 1.32%)
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TABLE V

EQUATIONS OF REGRESSION LINES UNDER DIFFERENT CONDITIONS

Experiment  CZE conditions Regression line‘

A Electrolyte HI + 0.10% HPMC, pH 7.40; H=2910 + 2.19
V =20 kV; 1 = 150 pA; T = 18°C; injection volumes, (r = 0.9835)
0.5,1,2,3 and 4 ul

B Electrolyte H1 + 0.10% HPMC, pH 7.18; H = 9.06Q + 0.93
V =20 kV; ] = 120 uA; T = 19°C; injected volumes, (r = 0.9903)

0.2, 1.0, 1.5 and 2 4l
“ H = peak height (cm); Q = injection volume (ul); r = correlation coefficient.

sample size. The good linearity might be the basis of quantitative analysis or a means of
cell counting. At pH 7.40 (Table V, A) the current passed was considerably higher than
at pH 7.18, which might be responsible for the regression line deviating from the origin.
However, it is not clear why the slope of the regression line at pH 7.40 was less than one
third of that of the line at pH 7.18.

The pause between two experiments

When a piece of FEP tubing had been subjected to a high electric field strength
a number of times, the CZE results became irreproducible. The initial perform'énce
could be restored if a pause from a few minutes up to 1 h was allowed before the next
experiment was started. It seems that the inner surface of the tubing was subjected to
certain physical/chemical changes which necessitated a relaxation period. Careful
study showed that the necessary minimum pause for reproducible results depended on
the history of the tubing, as outlined in Table VL

Tt can be seen from Table VI that the necessary pause time increased steadily with
the number of experiments made, which led to the conclusion that an irreversible
breakdown process was taking place. When the tubing had been used more than
200-250 times, it was no longer useful. The upper end (high voltage end) of this useless
tubing was cut off and the inner wall surface was examined by X-ray photoelectron
spectroscopy (XPS). Fig. 3 shows that the peak of binding energy 285.9 eV (Cis
electrons) almost disappeared (curve b) which implies that the CHF? structure was
broken under a high electric field strength. What really happens is not clear. A field
strength below 300 V em™ as in this study is unlikely to be able to cleave the chemical
bonds, but an uneven distribution of the electric field might be a cause. If a gas bubble
is formed in the vicinity of the tubing wall, the high field strength across the bubble
would induce a spark discharge that is sufficient to destroy the linkages among the
various atoms on the surface of the wall. It should be pointed out that the so-called

TABLE VI
RELATIONSHIP BETWEEN THE NECESSARY PAUSE TIME AND THE HISTORY OF THE
. CAPILLARY TUBING

Number of CZE experiments already made 0-10 10-50 50-100 >100
Minimum pause time needed (min) 10 15 30 >40
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Fig. 3. XPS spectrum of inner surface of FEP tubing. (a) New tubing; (b) used tubing (electrophoresed more
than 200 times).

useless tubing behaved well if small molecules were electrophoresed. This again serves
to demonstrate the difficulty in electrophoresing proteins, which are abundant in the
cell membrane.

Washing of cells

The RBC must be carefully and thoroughly washed so that correct peak shapes
and accurate and reproducible results are obtained. Experiments showed the PBS was
the most suitable washing solution, and 4-6 washings gave the best results. Washing
less than three times led to much longer retention times, and after washing more than
six times lysis was liable to occur.

Storage of RBC suspension
Conventionally the RBC were dispersed in 50 volumes of physiological saline
and kept at 4°C. However, the peak of the RBC was difficult to observe when the

200
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Fig. 4. Effect of storage time on the retention time of human RBC. (a) Electrolyte, H1 + 0.10% (w/v)
HPMC, pH 7.40; ¥ = 20 kV; I = 150 pA; T = 20°C. (b) Electrolyte, H2 + 0.10% (w/v) HPMC, pH 7.30;
V=20kV, 7 =110 yA; T = 17°C.
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storage time exceeded 2 days. The electrolyte for CZE containing HPMC was found to
be a satisfactory medium for the storage of RBC and good electrophoretic peaks
resulted after storage for 7 days. However, the retention time of RBC increased with
storage time, although slowly, as shown in Fig. 4. Large errors in the retention times
could result of RBC are stored for more than 3 days, whereas the peak shape improves
considerably.
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SUMMARY

The effective mobility of a low-mobility base is regulated by a coupled protolytic
and precipitation equilibrium. Assuming that the latter is rapid enough, a procedure
for calculating parameters of the isotachophoretic phase-heterogeneous zone of a base
in the steady state is suggested. The effect of the leading ion concentration on the
effective mobilities as well as the correctness of migration, separability and stability of
zones in slightly alkaline electrolyte systems are considered theoretically and
experimentally verified for a group of basic drugs. The relationships ascertained serve
as a basis for satisfactory separation of compounds of very similar basicities and ionic
mobilities but having different solubilities. This is demonstrated by the analyses of two
model binary mixtures involving amitriptyline and nortriptyline or moxastine and
embramine. Practical analyses, though partly limited by the fact that the heterogene-
ous zones are analytically not quite stable (a minute zone “bleeding” occurs) and
therefore the detection limit is adversely affected, are possible.

INTRODUCTION

In the course of experiments concerning the isotachophoretic determination of
ionization constants and ionic mobilities of weak monoacidic bases, we have observed
that some bases behave anomalously. This applied namely to bases involving an
aliphatic amino group in a side chain attached to a cyclic structure (pK.» = 9) under
the conditions of isotachophoresis (ITP) with slightly alkaline leading electrolytes
(pHi. ~ 8). The visual evaluation of the recorded steps showed that they are regular,
thus indicating correct ITP migration, but the steps were unexpectedly high which
implied that the effective mobilities are lower than would follow from the basicities of
these compounds and the acidity conditions in the zones. Moreover, the effective
mobility values were apparently affected by the concentration of the leading ion to an
extent which distinctly exceeded the effect of ionic strength. Some pairs of bases having
very similar ionization constants and ionic mobilities exhibited remarkable differences
in effective mobilities. This effect was clearly not caused by a specific interaction with
the counter ion (the results were practically the same when using borate, diethyl-
barbiturate or phosphate buffers as leading electrolytes), but it seemed to correlate to
some extent with the solubility of the free base in water.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Generally, the condition of solubility of all forms of a substance is considered
necessary for ITP analysis. Assuming that there exists a sufficiently rapid heterogene-
ous precipitation equilibrium between the dissolved and undissolved fraction of the
free base in its suspension, it may be possible to accept an hypothesis of regular ITP
migration of such a heterogeneous zone. (The existence of “micellar” zones was
described earlier!.) According to the acidity conditions in the zone, the adapted
“concentration™ is distributed as the free undissolved and dissolved base and its
protonated form:

& = [B]; + [B] + [HB"],

In this paper we have attempted to verify the above hypothesis. If the correct ITP
migration of the heterogeneous zones and their stability were confirmed, it would be
possible to use for the separation of bases, beside the commonly employed factors
(differences in ionic mobilities, ionization constants, interactions with the counter ion
and solvation), also the differences in the solubilities of the free bases.

THEORETICAL

When neglecting the effect of the ionic strength (in ITP it usually does not exceed
10 mmol 17') on the protolytic equilibrium, the molar fraction of the protonated form
of a monoacidic fairly soluble base, xyy, is affected only by the pH and does not depend
on the concentration

xup = [HT)/((H'] + Kap) (n

see curve | in Fig. 1.

Ha 4ol

0.5-

Fig. 1. Molar fraction of the protonated form, xug, and effective mobility, i, of bases (pK, 5 = 9.0; uyp =
25-107° m? V7! s71!) as a function of the base zone acidity, pHg. 1, Readily soluble base; 2,3, for
explanation see the text.

¢ The term “concentration” here means the overall analytical concentration of all forms of a base
including the undissolved fraction.
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The overall solubility, S (mol 17'), of a monoacidic sparingly soluble base
depends on the pH of the solution according to the relationship?

S = So(l + [H')/K,8) @

where S is the solubility of the free (non-protonated) base; the physical value of S is
limited only by the solubility of the salt of the base. In eqn. 2 the term So[H*]/K, 5
represents the concentration of the protonated form HB* and hence its molar fraction
depends on the pH and S, as well as on its “concentration”, ¢z (see curves 2 and 3 in
Fig. 1)

XHB = [HB+]/5B = SO[H+]/Ka,BC_’B (3)

where ¢g is the adapted “concentration” in the ITP zone.
The effective mobilities, i, of a monoacidic base are directly proportional to the
molar fraction of the protonated form HB*

Hy = UypXps (4)

(ung 1s the ionic mobility of the base) and their values can be obtained by combining
eqns. 1 and 4 or 3 and 4 for fairly or sparingly soluble bases respectively. Therefore the
corresponding plots of g vs. pH are shaped in an analogous manner (Fig. 1).

In plots 2 and 3 characteristic breaks appear (indicated by arrows). At pH values
lower than correspond to these breaks the overall solubility of the base, S, is higher
than the adapted “concentration”, ¢y, and the base behaves as a well soluble one; its
effective mobility is regulated only by the zone acidity. On the contrary, at higher pH
the adapted “concentration” is higher than the solubility, S, and the effective mobility
of the base is determined by the pH as well as by the solubility of the free base, So, and
its adapted “‘concentration”, ¢g. Thanks to selected model parameters, the curves
2 and 3 in Fig. | have a double meaning:

(a) For a pair of equally strong and mobile bases in borate operational systems
with the concentration of the leading ion K™*, ¢, = 10 mmol 17%, curve 2 is valid for
a base having a solubility of S; = 0.1 mmol 17! and curve 3 for a base with S, = 0.2
mmol 17'. The course of the curves indicates possible separability based on the
differences in S,.

(b) For a base having solubility So = 0.1 mmol 17!, curve 2 is valid in borate
operational systems with ¢, = 10 mmol 17! (according to the regulatory function
¢g = 6.2 mmol 171); in the same diluted systems with ¢, = 5 mmol 17! (¢ = 3.1
mmol 1Y), curve 3 is valid. In this instance the course of the mobility curves shows the
differences in effective mobility at the same pH, caused by the change of ¢g adapted to
different cy.

However, under real conditions of ITP with a particular counter ion system, the
practically important pH interval in the zone of base is substantially narrower than
that depicted in Fig. 1; it is hardly wider than one pH unit (cf., Fig. 6).

On the basis of the above assumptions, the algorithm for the calculation of the
zone parameters of a low-solubility monoacidic base in the steady state by the RFQ
method? was modified. The necessary input data are: the ionic mobilities of H*, uy,
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leading ion, u, counter ion, ug, and the base, uyp; ionization constants of the counter
ion, K, g, and the base, K, y; concentration of the leading ion, ¢;, and counter ion in the
leading zone, cgy; solubility of the free base, S;. The algorithm neglects the
concentrations of H* and OH™ in the summing expressions and it involves the
following steps of the iteration procedure:

calculation of
pH.: [H¥lL = Kir(err — cu)fer
adapted concentration according to the regulatory function:
ép = cLupp(uyp + ug)” '(uL + ugjuL’ .
solubility of the base:
S = So(l + [H"]s/Kap)

decision whether S > ¢g:
(a) If the answer is “‘yes” then the effective mobility of the base is:

dy = upp[H ' s(H ] + Kav“)_l ©
(b) If S < ¢y then:
g = uppSo[H " 1p/K. 5Cs ©

The next steps, i.e., the calculation of the effective mobility of the counter ion in the
zones of the leading ion and the base, concentration of the counter ion in the zone of
base and finally the evaluation of the RFQ function are the same as in the original
procedure?. In the first iteration cycle the pHy is substituted for pHg and thereafter the
pHg is successively approximated to minimize the RFQ function until the correct value
of pHjy and other parameters of the zone of base in the steady state are attained. An
appropriate program was written in BASIC for a microcomputer. The program was
used for computing simulated effective mobilities presented in the following parts of
this paper.

A space diagram (Fig. 2) illustrates the dependence of the effective mobilities of
bases having the ionic mobility, uyg = 30° on the base strength and solubility for ITP
performed in the operational system E (see Table I). Bases with parameters located in
the plane ABC behave as readily soluble ones. Otherwise the mobilities decrease with
decreasing strength and solubility of the base. The existence of the zone of base is
theoretically limited by the mobility of the terminating ion (indicated by the arrow).
Diagrams for bases having ionic mobility values higher or lower than 30 are
correspondingly shifted up or down along the vertical axis but their shape is analogous
to that shown in Fig. 2.

“ All mobilities are expressed in 10° - m? V™! s7! in this paper.
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30

So  [umol. 1-1]
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Fig. 2. Space diagram of the dependence of the effective mobility &, of low-solubility bases with ionic
mobility uyg = 30 - 107° m? V™! 57! on their strength, pK, z, and solubility, So, in operational system E.

TABLE I

OPERATIONAL ELECTROLYTE SYSTEMS

MES = 2-Morpholinoethane sulphonic acid; EACA = 6-aminohexanoic acid.

System Leading electrolyte, L

Terminating electrolyte,
¢ (mmol ™)

Cation, Counter ion, pH
¢ (mmol I™1) cg (mmol I71) (exptl.)
A, ref. 8 K*, 10 Acetate, 20 4.74 Acetic acid, 20
B K*, 10 Borate, 110 8.17 L-Histidine, 10
C K*, 10 Borate, 60 8.43 L-Histidine, 10
D K*, 10 MES, 15 6.43 EACA, 10
E As in B but diluted 1:1 8.13 L-Histidine, 10
(e =95)
F, ref. 5 K*, 5 2-Pyridine 5.35 Formic acid, 10
carboxylate, 10
G As system E; L = Na* 8.12 L-Histidine, 10
EXPERIMENTAL
Apparatus

The ITP experiments were carried out with the use of a CS isotachophdretic
analyser (URVIT, Spisskd Nova Ves, Czechoslovakia) equipped with a non-thermo-
statted PTFE capillary column (200 mm x 0.3 mm), a conductivity detector and

a 30-ul sampling valve.
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Materials

Tricyclic antidepressants: amitriptyline hydrochloride (AT); nortriptyline
hydrochloride (NT) (partially N-demethylated AT). ‘Antihistamines: moxastine
hydrochloride (MX); embramine hydrochloride (EM) (brominated MX). Local
anaesthetics: tetracaine hydrochloride (TC) (a basic ester); heptacaine hydrochloride
(HC) (a basic carbamate). The above basic drugs, obtained from the State Institute for
Drug Control, Prague, were of pharmacopoeial purity. Aqueous stock solutions
containing I mmol 1~ ! of a drug were appropriately diluted before the ITP separation.
All other chemicals were of the highest attainable purity.

The effective mobilities of bases were determined with the use of tetraethyl-
ammonium (u = 33.8, ref. 4) as the reference ion, according to

i-10° = 60.9/(hy + 0.8) m?> V7!

where h,., is the relative step height of a base®.

The simulated steady state parameters were computed by using an 1Q 151
microcomputer (ZPA, Novy Bor, Czechoslovakia). The earlier published mobility and
ionization constants (except for the bases studied) used in the simulations were: uy =
362.5; una = 51.9; ug = 76.1 (all ref. 5); borate, u = 33.0 (ref. 6), pK, = 9.14; MES,
u = 28.0, pK, = 6.10; L-histidine, u = 29.6, pK, = 6.04; EACA, u = 28.8, pK, =
4.37 (all ref. 7).

RESULTS AND DISCUSSION

Some parameters of the basic drugs studied are presented in Table II.

The pK, values in Table II indicate that in slightly acidic operational systems
A or F (Table 1) all the bases are fully ionized and hence the effective mobilities
determined are their ionic mobilities; #g = uyg.

TABLE 11
PHYSICAL-CHEMICAL CONSTANTS OF THE COMPOUNDS STUDIED

Unless stated otherwise our results obtained by turbidimetry according to ref. 2.

Compound Molar mass of base  pK,p So + 10*
(g/mol) (mol I"1)

Amitriptyline, AT 2773 9.4 0.46
Nortriptyline, NT 2634 9.7 1.7
Moxastine, MX 269.3 9.5 4.6
Embramine, EM 348.2 9.3 0.57
Tetracaine, TC 264.3 8.2° 12
Heptacaine, HC 362.5 7.6 0.55°

@ Ref. 2.

b Ref. 9.

¢ Ref. 10.

4 Ref, 11.

¢ Ref. 12.
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Effect of the leading ion concentration on the effective mobilities

In this series of experiments the operational systems A to D (Table I) were used
and the leading electrolytes were diluted to adjust the leading ion concentration to
cL = 4,6,8, 10 mM. The systems B-D were selected according to the strength and the
solubility of the bases: system B for NT, AT, MX and EM; C for TC; D for HC. The
working conditions of ITP were adjusted to suit the individual electrolyte dilutions (see
Table IIT). These conditions were found empirically for system B with regard to the
increase in voltage and then were kept constant also for systems A, C and D. At very
low mobilities (in concentrated leading electrolytes) a mixed zone of the base and the
terminator was sometimes formed thus making the evaluation of the base step height
impossible; in such cases the base was used directly as the terminating electrolyte (10
mM).

The results are presented in Fig. 3. All the compounds exhibit an increase in
effective mobility in system A at the lowest dilution, ¢;, = 4 mM, which is probably
connected with the decreased ionic strength. Since one can assume an analogous effect
when working with systems B-D, the observed individual mobility values were
substituted for ionic mobilities, uyg, in the simulation calculations.

The effective mobilities of compounds NT and MX in system B differ negligibly
from the results obtained in system A. NT and MX are fairly strong and relatively
soluble bases (Table IT). Their solubility, S, at pHg (ca. 7.9) is much higher than is the
adapted concentration in the zone, ¢g (¢f., NT in Fig. 4), and therefore they behave as
readily soluble bases.

Compounds AT and EM are in fact as strong bases as NT and MX but they are
by one order less soluble. In system B they form zones of pHg 7.6 to 7.8 and under such
conditions their solubility is lower than the adapted “‘concentration”, &g, in the whole
concentration range studied (Fig. 4). The effective mobilities strongly depend on the
concentration of the leading ion. The experimental values exhibit a distinctly parallel
course with respect to the simulated function. The positive shift might be caused by an
inaccurate value of S, or by its temperature dependence in the non-thermostatted
apparatus; as follows from eqn. 6, the calculation of the effective mobility is influenced
by the value of S,. The compound HC is a poorly soluble and relatively weak base and
therefore it was analysed in system D. Also in this instance the solubility at pHg (5.8 to
6.0) is lower than the adapted **‘concentration” and the ITP behaviour of HC is similar
to that of AT and EM.

TABLE III
WORKING CONDITIONS OF ITP IN DILUTED SYSTEMS

¢ = Time of current switching; ¢, = approximate time elapsed before the passage of the first zone boundary
through the detector.

¢ (mM) Separation current t Detection current 173
(nd) (min) (nd) (min)

4 10 30 7.5 33

6 15 30 10 35

8 25 20 N 27

10 30 20 20 26
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Fig. 3. Dependence of effective mobilities, #, of bases (see Table II) on the concentration of the leading ion,
c. Experimental data: ¥, in system A; @, in systems B (for NT, AT, MX, EM), C (for TC) and D (for HC);
solid line, simulated # vs. ¢, function.

Compound TC, thanks to its basicity and solubility, exhibits a characteristic
break in the simulated function iy vs. ¢, in system C; this is caused by the relationship
between the solubility and adapted *“‘concentration” (cf, Fig. 4): at ¢, = 4 mM, S >
¢p;at ¢, = 8 or 10 mM, S < ¢p. The experimental effective mobility values roughly
follow this trend.

1oL NT
EB;S
tmmol. (" }
6
2L
1 1 i i
4 6 8 10
‘L
[mmol.l.1]

Fig. 4. Dependence of calculated adapted “concentrations”, Cg, of bases and their solubilities, S, in their
own zones (in systems B-D) on the concentration of the leading ion, ¢;. , Cp (very similar values);
—-——=, 8
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TABLE IV

CALCULATED PARAMETERS: pH, SOLUBILITY AND MOBILITY IN THE BASE AND
TERMINATOR ZONES

Compound System  pHrp Sp.r iy gt pHg iy g g g®
(mM}
AT B 6.97 12.4 3.1 22.8 7.60 0.8 11.5
EM B 6.97 12.2 3.1 21.6 7.58 08 10.7
TC C 7.11 17.0 2.3 20.7 7.86 0.4 10.8
HC D 5.06 19.1 4.8 18.6 .79 1.1 12.0
“ Values calculated for ¢, = 10 mM.

Correctness of the ITP migration

The efficiency of the self-sharpening effect at the leading ion, K *—base zone
boundary lies outside this discussion. For evaluating the situation at the base—
terminator boundary it is first necessary to consider the solubility of bases in the
terminator zone; the pHry is practically independent of ¢,. (The bases NT and MX
which are soluble in their own zones were not considered.)

The solubilities of the bases in the terminator, Sp.1, are more than twice the
values of their adapted “concentrations”, & (cf., Fig. 4); hence the relation 5 holds for
the calculation of ig 1. By comparing the calculated mobilities, in all cases considered
the following inequalities are valid!?:

Upr > Urt and urp < Upp

Therefore the base-terminator boundary exhibits a self-sharpening effect in both
directions and the migration of the individual bases is correct.

In the set of compounds studied we have concentrated on the separation of the
pair AT-NT and MX-EM. These are chemically closely related substances; their
separation would be of practical importance for pharmacokinetic studies, purity
control, etc. Considering the sensitivity requirements, time consumption and the
determined effective mobilities, the operational system E (Table I) was chosen: the
separation current of 30 uA was decreased to 10 uA after 500 s; the terminating
histidine can be replaced by f-picoline which has similar parameters.

To substantiate theoretically the separability of the above pairs of bases in the
system E, the effective mobilities of bases in their own and neighbouring zones were
compared'?. The mobilities of NT and MX were calculated according to eqn. 5 and
those of AT and EM according to eqn. 6. For the zones of bases the foliowing
inequalities hold:

zone NT (pHp 7.91), darr (11.1) < diyrnr (22.7)
zone AT (pHB 775), IZNT,AT (228) > ﬁAT,AT (164)
zone MX (pHp 7.91), dgmumx (10.6) < ituxmx (23.0)
zone EM (pHy, 7.73), diy.om (23.1) > dizymt (15.5)

It is clear that the self-sharpening effect of the boundaries is established in both
directions for these pairs of bases and that the migration is again correct. (The
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differences in the effective mobilities are distinct and the above trend is valid in the
whole range of ¢, investigated, i.e., also for other dilutions of the system B.)

Stability of zones and the zone existence diagram

Calibration graphs for some of the bases were examined as the criterion of the
zone stability. Fig. 5 depicts the calibration graphs for drugs in the concentration range
20-100 pM for ITP in both slightly acidic (A or F) and alkaline (E) operational
systems. (The leading electrolyte of system A was diluted 1:1, ¢, = 5 mM, for this
purpose.)

The corresponding linear regression equations and the correlation coefficients,
k., are summarized in Table V. The results obtained in system E indicate that the zones
of the more soluble bases (NT, MX) are quite stable; the intercept is negligibly small.
The calibration graphs for sparingly soluble bases (AT, EM) are also perfectly
rectilinear but the intercept has a negative value. This means that during the migration
of the zone in the capillary from the injector valve to the detector a constant amount of
the base is lost. This loss is independent of the amount injected and hence it represents
the systematic error of the ITP determination. Under the given experimental
conditions, the loss amounts to 0.2 nmol of AT or 0.4 nmol of EM. The effect of the
separation current (25, 20, 10 pA) (and consequently the analysis time) was also
examined but no significant dependence was observed. That is why it can be
concluded'* that the loss is a certain form of zone bleeding and not tailing. Some kind
of sorption of the free base in the capillary must be assumed since in successive blank
experiments (injections of the terminating electrolyte instead of the sample) the ITP
records revealed successively decreasing amounts of the base residue which may
interfere with further analyses. For that reason the analytical procedure was modified

4 8 4 8

c.105.1

[mol. 1]
Fig. 5. Calibration graphs, / (step lengths, mm) vs. ¢ (concentration of base, 107> mol 1™ '). Full dots and
dashed lines, points and regression lines in systems F (for AT, NT) and A, I:1 (for MX, EM); empty dots and
solid lines, the same in system E.
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TABLE V
LINEAR REGRESSION EQUATIONS OF CALIBRATION GRAPHS

Compound System [ (mm) = k.

NT 333¢-10° — 0.5 0.9999
F

AT 334¢-10° + 0.7 0.9999

NT 339¢-10° + 02 0.9993
E

AT 330 ¢ 10° — 22 0.9991

MX 402¢-10° — 05 09999
A(l:l)

EM 417 ¢-10° — 04  0.9999

MX 383¢-10° + 1.8 0.9997
E

EM 398 ¢-10° — 54 0.9987

in such a way that after each separation the capillary was rinsed with a small volume
(ca. 0.5 ml) of 0.1 M acetic acid and thereafter it was filled with fresh leading
electrolyte. In this case the ITP record of a subsequent blank experiment was regular.
The above procedure was employed in all analyses performed with alkaline
operational systems. Finally it can be concluded that the migration of the heteroge-
neous zones of sparingly soluble bases is correct but the zones are not absolutely stable.
In principle, quantitative analyses are possible but the detection limits are influenced
negatively.

The possibilities of the ITP migration of low-solubility bases in system E are
shown in the zone existence diagram!?®, Fig. 6. The point T corresponds to the
terminating histidine. The area of the diagram is limited on the right hand side by the
line AB of strong soluble bases (ify = uyy) with ionic mobility, uyp > %1 (segment TA
indicates possible inversion of mobilities of weak soluble bases fulfilling the limiting
condition #tg v = @iz 7). As it is necessary to consider three variable parameters of the
bases (uyg, pK, s, So), the vertical lines of the internal system of coordinates (that
normally mark the pK; g) are individual for parametrically introduced values of So.

Separations

System E was used for a model separation of pairs of drugs under the following
working regime: the separation current of 30 uA was switched to 10 pA after 500 s; the
time of passage of the first boundary through the detector, 7, was 20-21 min. The
recorder chart speed was increased from 0.05 to 0.5 mm s ~* just after the passage of the
zone of impurities.

In acidic operational systems, NT and AT have the same mobility and their
separation is impossible. Fig. 7a illustrates their successful separation accomplished in
system E. The detection limit of NT in the mixture is about 20 pmol and this value
approaches the real limit of the ITP method; for the reasons discussed above, the
detection limit of AT is an order higher and amounts to 300 pmol.
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Fig. 6. The zone existence diagram in system E. The numbers 20, 30, 40 refer to the ionic mobilities of the
bases, uup (1072 m2 V= 1s71); 2, 6, 10 are the solubilities of the bases, S (107> mol1™'). For a more detailed
explanation see the text.

MX and EM exhibit slightly different mobilities in acidic systems but the
selectivity, (iux — #ewm)/iem = 0.05, is poor; in system A both bases form a transient
mixed zone (Fig. 7b) though the injected quantity is small (0.5 nmol of either base). On
the other hand, their separation in system E (Fig. 7¢) is perfect (practical selectivity ca.

EMI MX
EM
AT
NT MX+EM
: ho

t IL L L L

-t

a b

oo
~ |0
-

Fig. 7. Analyses of mixtures. Detection current: 10 uA. Chart speed: 0.5 mm s~ '. I = Impurities in the
operational system. (a) 2.4 nmol AT + 1.5 nmol NT, system E; (b) 0.5 nmol MX + 0.5 nmol EM, system A;
€)0.9nmol MX + 0.9 nmol EM, system E; (d) 1.5nmol MX + 1.5nmol EM, system G; (e) 30 pmol MX +
3 nmol EM, system G.
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0.2). The interfering effect of impurities (Na ™ and other metal ions which cannot easily
be removed from the electrolyte system) can be overcome by modifying system E, by
using Na™ as the leading ion (system G), without any negative effect on the separation
efficiency (see Fig. 7d). The detection limits are 20 pmol of MX (Fig. 7e) and 400 pmol
of EM in a mixture.

All the separations described apply to pure aqueous solutions and the presence
of a matrix in real samples might worsen their parameters. Practical applications to
drug analysis will be published elsewhere.
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SUMMARY

If the electric current density applied in isotachophoresis (ITP) experiments is
not too high, a linear relationship between the step heights (using an a.c. detector)
and the specific zone resistance at 25°C (SZR;5) is obtained. In this way the SZR ;5 of
a substance in ITP experiments can be obtained using two standard substances for
which the SZR,s values can be calculated using the mathematical model for the
steady state in I'TP. From the step heights of these two standards a linear relationship
between step height and SZR 5 can-be set up and from this relationship and the step
height of an ionic species its SZR ;5 can be calculated. From the SZR 5 values all
qualitative parameters such as the absolute mobility of the substances can be calculat-
ed. Hence no corrections for the differences in the temperature of the different zones
have to be made. The absolute mobilities obtained show good agreement with litera-
ture values. If the absolute mobility and pK value of a substance are known, the
response factor, RF, can be calculated; this is useful for quantitative determinations,
in which case calibration graphs are not necessary. RF values were calculated and
determined experimentally for several leading electrolyte systems. An average accu-
racy of about 3% can be obtained in practice.

INTRODUCTION

In a related paper, Gladdines et al.'proposed the concept of the dimensionless
response factor (RF), defined as:

RF = 1lj\z| FQ (M

with ¢; is the zone length (s), I the applied electric current (A), |z| the valence of the
ionic species (in equiv./mol ), F the Faraday constant (C/equiv.) and Q the amount of
the sample ionic species (mol).

The RF value is a universal constant useful for quantitative determinations in
isotachophoresis (ITP), independent of the apparatus used (e.g., diameter of the cap-
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illary tube and detector) and electric current applied. The RF value was used for the
analysis of intravenous injection solutions for 26 drugs and an accuracy of 2-3% was
obtained.

This concept of the RF is especially interesting because it can easily be calculat-
ed with a steady-state model for ITP if the absolute mobility” and pK value of the
sample substances are known. From the measured step heights in ITP, the absolute
mobilities and pK values of substances can be calculated with the concept of the
isoconductor?. This means that from a single experiment (if the pK value is known) or
from two experiments in two different leading electrolyte systems (if the mobility and
pK are unknown), from the step heights the absolute mobility and/or pX vatue of an
unknown sample substance can be calculated and hence, calculating the RF, the
amount of sample can be obtained from the measured zone lengths. This powerful
technique is based on the fact that in ITP the separation mechanism is well defined
and the step height contains all qualitative and the zone length all quantitative in-
formation.

Using the concept of the isoconductor, the zone resistances must be obtained
from the measured step heights. These step heights (zone resistances), however, de-
pend on the type of apparatus (e.g., type of detector and diameter of the capillary
tube) and applied electric current (e.g., temperature and condition of the measuring
electrodes). Some workers therefore use Rg values®, PU values* and relative step
heights® to standardize the step heights. Although, e.g., Rg and PU values can be used
satisfactorily with potentiometric detectors, they are not suitable with a.c. detectors,
although these parameters can be calculated from a.c. data. Gas et al.® presented a
method for the measurement of mobilities by regulating the electric current applied in
such a way that the thermal power at the detection site is constant and a constant
temperature is created, so that corrections for the differences in temperature are
superfluous.

In this paper we present a method for determining the specific zone resistance
(SZR) at 25°C from two standard step heights. Using the concept of the isoconductor,
absolute mobilities can be calculated. Further, it is shown how the RF can be calcu-
lated if the mobility and pK values of sample substances are known, and theoretical
RF values are compared with those obtained experimentally.

THEORETICAL

If in ITP experiments the steady state is reached, all sample ionic species mi-
grate with equal velocity and a well defined concentration in consecutive zones. For
an ionic species i this means that

Q,’ = l[ACi (2)

where Q; is the amount of sample, /; the zone length (m), A the surface area of the

“This s true only for not too large differences in the electric current, otherwise too large differences in
zone temperatures can cause large differences in temperature-dependent parameters such as the mobilities
and pK values.

® By absolute mobility, always the ionic mobility at infinite dilution is meant.
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capillary tube (m?) and ¢; the total concentration in the zone (mol/m?). The time ¢ (s)
needed to pass the detector will be

=104/ (3
where v; is the ITP velocity (m/s). Because
Vi = miEi (4)

where m; is the effective mobility of the substance (m?/Vs) and E; the electric field
strength in the zone (V/m), eqn. 3 can be written as

ti = Qi AcmiE; &)
Using the equation
E . =1p | A (6)

where 7 is the electric current (A) and p; the specific zone resistance (2 m), eqn. 5 can
be written as

ti = Qi camidp; N
or

1] Qi =1/ cmp; ®)

In fact this is the RF (C/mol) and it represents the slope of a calibration graph of the
product £;I (sA) versus the amount of the sample, Q;.
Although for strong electrolytes the definition of Gladdines et al.* (eqn. 1) is applica-
ble, it is preferable to use the RF in C/mol in order to avoid working with an “average
charge z” for multi-valent weak electrolytes. With a steady-state model for ITP, all
zone parameters, including ¢;, m; and p; can be calculated, from which the RF value
can be obtained.

It must be noted that the formulation of the universal quantitative parameter
RF has already been used implicitly and calculated for 287 anionic species by Hiroka-
wa ef al.* using the parameter ¢ (ref. 3, Table IV), which is the time-based zone length
(s) for 10-nmol samples at a driving current of 100 uA. Hence the RF value (C/mol)
will be 7104,

APPARATUS

In order to obtain quantitative data, isotachophoretic equipment developed
and built by Everaerts e al.> was used. The separation compartments consisted of
capillary tubes of both 0.4 and 0.2 mm L.D. The d.c. current was taken from a
modified Brandenburg (Thornton Heath, U.K.) high-voltage power supply. The
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zones were detected with a laboratory-made high-performance a.c. conductivity de-
tector.

For the qualitative data, isotachophoretic equipment as described elsewhere’
was used. In this equipment a casted separation and detection unit is used, through
which optimum heat transfer leads to minimum temperature differences between the
consecutive zones.

EXPERIMENTAL

In order to calculate the mobilities of ionic species using the concept of the
isoconductor?, the zone resistances must be obtained from the measured step heights.
These step heights (zone resistances), however, depend on the type of apparatus (e.g.,
type of detector and diameter of the capillary tube) and applied electric current (e.g.,
temperature and condition of the measuring electrodes). First we checked the expect-
ed linear relationship between the measured step heights and SZR using the a.c.
detector, by measuring the step heights for several dilute solutions of potassium
chloride, the SZR of which are precisely known at 25°C, without applying an electric
current. The relationship obtained is shown in Fig. 1 for an ITP apparatus with a
capillary tube of 0.4 mm 1.D. On applying different electric currents, heat will be
produced so that all measurements on standard solutions of potassium chloride, even
with a thermostated apparatus, will be made at different temperatures, resulting in
lower step heights. Corrections for these temperatures are difficult as they are not
known exactly.

However, the relationship set up between the measured step heights (for a
specific electric current) and the SZR of the potassium chloride solutions at 25°C
(SZR;5) can be used to determine the SZR,5 of other substances. Because all ionic
species show very similar temperature dependences of their mobilities, it can be as-
sumed that ionic species with a SZR (step height) equal to that of a specific potassium
chloride solution will have identical temperatures during the measurement and will
have an identical SZR ;5.

In Fig. 1 the relationships between step heights and SZR, 5 values for different

450
400 |
380 F
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200
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~=e==> H ( mm )}

100

----- >S8SZR | Qqm)

Fig. I. Relationships between measured step heights (H) and the specific zone resistance (SZR) at 25°C of
different KCl solutions for applied electric currents of (+) 0, (A) 40, (O) 80 and (+) 120 uA. 1D. of
capillary tube, 0.4 mm.
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potassium chloride solutions are given for several electric currents, which can be used
to determine the SZR s of components from ITP measurements. Over a wide range
of SZR 5 values a linear relationship is obtained, although for very dilute solutions of
potassium chloride too low step heights were obtained, possibly owing to a high heat
production, resulting in higher temperatures.

In Table I the calculated SZR 5 values of potassium chloride solutions and the
measured step heights (for capillary tubes of both 0.4 and 0.2 mm 1.D.) are given for
the different electric currents. The SZR,s values were calculated using the Debye—
Huckel-Onsager relationship®:

A=A —(a+ bA)c ®

for water at 25°C, a=60.20 Q! cm? mol™! (mol dm~*)7%3 and b =0.229 (mol
dm~3)7%5. For KCl A4° = 149.86 Q! cm* mol ™"

Determination of SZR,s in Q@ m

From the above, it can be concluded that for not too high electric currents and
ionic species of not too low mobility, a linear relationship between the step heights
and SZR,s can be expected (of course, the diameter of the capillary tube and the
cooling capacity of the detector system also play an important part). Hence the
SZR,5 of a substance can be obtained using two standard substances for which the
SZR 5 values can be calculated (based on the mathematical model for the steady state
in ITP). From the step heights of these two standard substances, the linear relation-
ship between step height and SZR 5 can be set up and from this relationship and the
step height of an ionic species its SZR,5 can be calculated. The SZR ;s values ob-
tained are used as experimental parameters for the calculation of the absolute mobil-

TABLE [

MEASURED STEP HEIGHTS AND CALCULATED SZR,, VALUES FOR POTASSIUM CHLO-
RIDE SOLUTIONS FOR SEVERAL APPLIED ELECTRIC CURRENTS AND CAPILLARY
TUBES OF 0.4 AND 0.2 mm LD.

KCl concentration SZR, Step height (mm)

(molfl) (Qm)

1.D. 0.4 mm I.D. 0.2 mm

0 uAd 40 uA 80 uA 120 pd 0 p4 20 puA
0.0100 7.122 0 -0.5 —-1.9 —4.0 0 —-0.2
0.0080 8.840 19.6 18.9 17.0 14.1 38 3.5
0.0070 10.064 33.5 323 30.0 26.5 6.7 6.2
0.0050 13.970 76.7 73.6 67.0 62.5 15.9 14.7
0.0040 17.375 115.0 110.8 103.5 95.5 24.5 23.0
0.0030 23.039 174.5 165.0 153.3 139.0 39.5 36.8
0.0025 27.561 227.0 211.0 196.0 183.0 S1.5 48.0
0.0020 34,333 305.0 280.0 259.0 240.0 70.8 66.0
0.0018 38.091 350.0 316.0 295.0 272.0 82.5 77.0
0.0016 42.785 402.0 358.0 335.0 313.0 96.8 91.8

0.0014 48.820 473.0 - 4150 390.0 360.0 116.5 110.0
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ities of sample ionic species and these can be used to calculate the RF values. As
standard substances both the leading ions, terminating or other ionic species can be
used. For substances of very low mobility standards can be chosen with mobilities
close to that of the sample component. In our calculations, corrections for the con-
centration dependence of the mobilities and for activities were made.

To check the accuracy of this method for the determination of the SZR 5 values
and the calculation of absolute mobilities, we measured the step heights of some
anions using several leading electrolytes. In Table II the pK values and absolute
mobilities of the leading, counter and standard ionic species used in the calculations
are given. In Table III the absolute mobilities calculated from the experimentally
obtained step heights are given. All leading electrolyte solutions were prepared by
adding the counter ionic species to 0.01M hydrochloric acid until the pH;, was reac-
hed. The counter ionic species for the solutions were histidine (pH, = 6.08), creatinine
(pHL=4.75) and f-alanine (pHp=4.40, 3.73 and 3.71). All values given in Table ITI
were measured twice; the differences between the duplicates were less than 1%. The
differences between the absolute mobilities obtained from different electrolyte sys-
tems are often larger, especially with low pHy, values. In such a case the accuracy of
both the pH;, and the pK values is very important. As an example, the absolute
mobility of phenylacetic acid was calculated with a pK value of 4.41 (ref. 3) and 4.28
(ref. 9); the mobilities with the pK value of 4.28 were significantly better.

As standards the leading ion chloride and acetate were always used and the
electric current was 15 uA, except for the system at pHp =3.71, where the standards
were chloride and propionate and the electric current was 10 pyA. This was done
because in the systems at low pH the SZR are relatively high (about 50 Qm) compared

TABLE 11

pK VALUES AND ABSOLUTE MOBILITIES FOR LEADING, COUNTER AND STANDARD
IONIC SPECIES USED IN THE CALCULATIONS

Ionic species Mobility pK
(1073 ecm?|V-s)
Acetate 424 4.756
p-Aminobenzoate 31.6 4.853
f-Alanine 36.7 3.552
Chlorate 67.0 -2.7
Chloride 79.1 —-2.0
Creatinine 37.2 4.828
2,4-Dihydroxybenzoate 32.0 3.395
Formate 56.6 3.75
Histidine 29.6 6.04
Imidazole 52.0 7.15
Lithium 40.1 14
Nitrate 74.0 -2
Potassium 76.2 14
Propionate 37.1 3.75
Sodium 51.9 14
Tetramethylammonium 443 >7

Tetraethylammonium 32.7 >7
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TABLE III

CALCULATED ABSOLUTE MOBILITIES FROM SZR,, VALUES, OBTAINED FROM MEA-
SURED STEP HEIGHTS IN ELECTROLYTE SYSTEMS AT DIFFERENT pH VALUES

The electric current applied was 15 pA, except for the system at pH, = 3.71, where it was 10 gA. For
further explanation, see text.

ITonic species pK  Absolute mobility (107° cm*|V-s)

Lit>'®  Experimentally determined

6.08 4.75 4.40 3.73 3.71
Chloric acid —-2.7 67.0 66.9 66.0 66.5 67.7 66.0
Chloroacetic acid 2.87 43.7 40.4 40.1 40.3 42.1 40.9
2,4-Dihydroxybenzoic acid  3.40 32.0 30.9 30.2 30.9 32,6 32.1
Glutamic acid 438 289 28.3 28.5 29.0 29.8 29.5
Glycolic acid 3.89 424 424 41.6 42.4 439 43.7
Glyoxilic acid 334 396 - 392 39.9 40.8 40.7
Hydrofluoric acid 3.17 574 57.0 56.8 57.2 57.8 57.5
Hydroxyphenylacetic acid 3.17 269 30.5 29.2 28.9 29.6 28.2
o-Aminobenzoic acid 494 31.6 32.8 322 - 31.7 313
o-Methoxybenzoic acid 4.09 283 303 293 30.3 31.0 30.5
Nitric acid —1.37 74.1 743 75.1 74.1 75.3 74.0
Phenylacetic acid 441 317 30.9 30.5 32.6 342 -
428 - 30.8 30.0 30.6 30.9 30.5
Phenylglyoxilic acid b - 334 32.0 32.1 338 325
Propionic acid 487 371 37.1 37.5 38.1 36.9 37.1
Sulphosalycilic acid -0 - 54.5 53.7 55.1 55.6 54.6
Trimethylacetic acid 5.04 318 30.9 317 31.9 315 32.1

“ Sloping step height.
b Considered to be fully ionized.

TABLE IV
CALCULATED AND EXPERIMENTALLY DETERMINED RF VALUES

For all experimental values the number of measuring points (), regression coefficient and RF values are
given. For further explanation, see text.

pH  lonic Ref. N Regression ~ RF (10°C/mol) Deviation
species coefficient ——— (%)
Calc. Ref.3 Exptl.

6 Acetate 11 3 0.9997 1.622 1.622 1.670 +3.0
7 Acetate 11 3 1.0000 2.163 2.161 2191 +1.3
7 Formate 1t 3 0.9993 1.848 1.848 1.883 +1.9
6 Acetate 1t 20 0.9997 1.622 1.622 1.675 +33
6 Formate 11 20 0.9996 1.447 1448 1424 —1.6
6 2,4-Dihydroxybenzoate 5 0.9998 1.856 1.853 1.924 +3.7
6 p-Aminobenzoate 3 0.9984 1.868 1.865 1.785 —44
4.5 TMA 13 0.9977 1.938 - 1.840 —5.1
4.5 TEA 13 0.9994 2.350 - 2264 3.7
4.5 Sodium 13 0.9998 1.781 - 1.744 =21
4.5 Barium 8 0.9998 3.263 — 324 —-07
4.5 Imidazole 8 09993 1.809 - 1.753 —-3.1

4.5 Lithium 8 0.9997 2.055 - 200 =27
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3,10

with those of the other systems. A comparison with the literature values showed

good agreement.

Calculated and determined RF values

In order to check the applicability of the RF values, we compared calculated
and experimentally obtained RF values. In Table IV the calculated RF value (with
eqn. 8), the value of ¢-10* (ref. 3) and experimental values are given for a number of
ionic species. The deviation is calculated as follows:

Deviation (%) = (RFep — RFeac) / RFeate - 100% (10)

For all calibration graphs the number of data points (N) and the regression coeffi-
cients are given. The calculated values and the values of t - 10* are nearly equal
although small differences arise owing to differences in the corrections to pK values
and absolute mobilities in the calculations. The experimental data from ref. 11 mea-
sured with a thermometric detector also fit well.

Although the impact of the use of RF values is large, the differences between the
experimentally determined and calculated RF values are fairly high (average devia-
tion 3%), although the differences of —5.1% (TMA) and —3.7% (TEA) are possibly
due to inaccurate absolute mobilities and that of —4.4% (p-aminobenzoic acid) may
be due to the impurity of this substance.

The practical value of the RF data will depend strongly on both the accuracy of
the measurement of the electric current and the accuracy of the preparation of the
sample solutions. For example, for the measurement of the RF value of Li* we
prepared a stock solution using lithium nitrate. The RF value agrees well with the
calculated value. In the first instance, however, we prepared twice a stock solution
from undried lithium chloride. The experimentally obtained RF values were 1.66 and
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----- > RSH
Fig. 2. Relationship between calculated RF values and RSH for (+) strong monovalent, (A) strong
divalent, (O) weak monovalent and (+ ) weak divalent cationic species. Leading electrolyte, 0.01 M KOH
at pH 5, adjusted by adding acetic acid.
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1.65, respectively. After drying the lithium chloride an RF value of 1.91 was obtained,
showing the importance of sample preparation.

Of course, theoretical RF values cannot be used when complex formation oc-
curs or other factors that affect the effective mobility of the sample ionic species arise,
if appropriate corrections are not made in the computer program.

For a further comparison, the theoretical relationship between calculated RF
values and calculated RSH values (relative step heights calculated using the standard

TABLE V

CALCULATED RSH AND RF VALUES FOR STRONG AND WEAK MONOVALENT AND DI-
VALENT CATIONS USING A LEADING ELECTROLYTE 0F 0.01 M POTASSIUM HYDROXIDE
AND ACETIC ACID AT A pH OF §

For further explanation, see text.

Valency — Absolute mobility pK Calculated RF value RSH

(107% ecm?[V-s) (105 Clmol)
1 70 14 1.549 0.1875
60 14 1.641 0.574
50 14 1.787 1.121
40 14 2.012 1.951
30 14 2.4035 3.360
20 14 3.251 6.254
2 70 14 3.139 0.428
60 14 3.370 0.876
50 14 3.706 1.519
40 14 4.236 2.511
30 14 5.190 4.239
20 14 7.388 7.912
i 50 9 1.787 1.121
50 8 1.787 1.123
50 7 1.788 1.143
50 6.5 1.789 1.189
50 6 1.791 1.318
50 55 1797 1.627
50 5 1.811 2.272
50 4.5 1.849 3.476
50 4 1.954 5.544
50 3.5 2330 8.584
50 3 6.044 10.110
2 50 9 3.706 1.519
50 8 3.706 1.520
50 7 3711 1.537
50 6.5 3722 1.576
50 6 3.754 1.691
50 55 3.843 2.008
50 5 4.065 2.781
50 45 4582 . 4480
50 4 5.747 7.839
50 35 8371 12.843
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RF ( 10" C/mo! )

-

----- > ASH

Fig. 3. Relationship between calculated RF values and RSH for (+) strong monovalent and weak mono-
valent anionic species with absolute mobilities of (A) 70-107 3%, (O) 50-107° and (+) 30-107° cm?/V's.

step height of sodium) are given in Fig. 2 for a leading electrolyte of 0.01 M potassium
hydroxide at a pHy, of 5 adjusted by adding acetic acid. The relationships are given for
strong and weak monovalent and divalent ions. The absolute mobilities for the weak
cations are taken as 50-10 % cm?/V-s. All the calculated data are given in Table V.

From Fig. 2, it can be seen that the RF values for the strong divalent ions are
about twice those for the monovalent ions. For weak cations the RF values are lower
than those for strong cations with the same RSH, as their total concentration is
higher in their zones. In Fig. 3 the relationships between RF values and RSH are

10

RF { 105 C/mol )

—————

----- > RSH

Fig. 4. Relationship between calculated RF values and RSH for strong (+) monovalent and (A) divalent
cationic species. The experimentally obtained values from ref. 1 (O) of some cationic species are included
and fit the calculated values. For further explanation, see text.
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given for strong monovalent negative ions and weak monovalent ionic species for a
leading electrolyte consisting of 0.01 M hydrochloric acid at a pHy, of 6 adjusted by
adding histidine.

In Fig. 4 the relationships between the calculated RF values and the calculated
RSH values are given for strong monovalent and divalent ions (identical with Fig. 2),
but some values from Gladdines et al.' have been added (recalculated to C/mol). It
can easily be seen that the values for neostigmine methylsulphate (1), imipramine
hydrochloride (2), procaine hydrochloride (3) and tetracaine hydrochloride (4) fit the
relationship for monovalent ions, whereas suxamethioninechloride (5), isoprenaline
sulphate (6) and atropine sulphate (7) belong to the divalent ions. Gallamine triethio-
dide (8) must be a trivalent cation, as would be expected from its molecular structure.

CONCLUSION

It can be concluded that the determination of SZR,5 values using two stan-
dards in ITP experiments and the calculation of absolute mobilities from these SZR ;5
values lead to satisfactory results. If the absolute mobility and pX values of an ionic
species are known, the RF values useful for quantitative determinations in ITP can be
calculated.

The differences between experimentally determined and calculated RF values
are about 3%. Too low experimental RF values can be caused if stock solutions are
prepared with impure and undried substances; the theoretical RF values are then
more reliable. Too high experimental RF values mean that the effective mobility of
the ionic species is lower than as expected owing, e.g., to complex formation. It is
advisable always to consider the experimentally obtained RSH values as a check on
these effects.
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SAMPLES BY ISOTACHOPHORESIS

SUSANNE SCHMID*, W. KORDEL, H. KLOPPEL and W. KLEIN
Fraunhofer-Institut fiir Umweltchemie und Okotoxikologie, D-5948 Schmallenberg (F.R.G.)
(First received December 22nd, 1988; revised manuscript received January 24th, 1989)

SUMMARY

An isotachophoretic method for the determination of free [AI(H,0)¢]** ions in
different aluminium salt solutions was developed. The electrolyte system consists of
0.01 M sodium acetate (leading system) and 0.01 M tris(hydroxymethyl)amino-
methane (terminating system). Separation was effected with a precapillary tube
(diameter 0.05 cm) followed by a main capillary tube of length 20 cm and of smaller
cross-section. The detection limit for [Al(H,0)s]** ions was 0.05 mg/l. The method
was applied to the determination of free AI’* ions {{Al(H,0)e]>*} in soil leachates
and aqueous soil extracts.

INTRODUCTION

The increasing acidification of soils by deposition of acid rain in the forest
ecosystem results in leaching and washing out of nutrient elements in the soil and also
causes the release and mobilization of phytotoxic metals in soil'. In this process the
release of bioavailable aluminium is of special importance. Especially the free Al1>*
species {[AI(H,0)q]**} is responsible for the high phytotoxic effect of aluminium in
acidic soils>~*. The release of aluminium depends on the buffer system of the soil, the
exchange buffer range (pH 4.2-5.0) and the aluminium buffer range (pH 3.8-4.2)°.

In soil solutions or pore solutions, elements such as Pb, Cd, Cu, Ca, Mn and Al
exist in both free and complex forms. The kind of linkage has a decisive influence on
the bioavailability of these ions and therefore also on their phytotoxicity. The different
species of aluminium are of great importance for its phytotoxic potential, as shown by
studies on hydroponics.

The microbial decomposition of the organic materials in soils results in soluble
organic acids such as fulvic acids and humic acids or further hydrophilic degradation
products (salicylic acid, phenols, carbon acids). As [Al(H,0)4]** ions can be bound by
these organic acids, the activity and mobility of AI** ions depends strongly on the
content and composition of the organic substances in the soil solution. The amount of
organically bound aluminium decreases with increasing soil depth, whereas that of
inorganically bound aluminium increases.

Previous studies on the characteristics of organically bound aluminium did not

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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describe the actual kind of linkage of aluminium to organic molecules in soil solutions.
In addition, there has been a need to develop an appropriate method for the
determination of free AI** ions {[Al(H,0)s]>*} in soil solutions. The conventional
methods differentiate between kinetically unstable aluminium and total aluminium®
or inorganic mononuclear and organically bound aluminium” as well as mononuclear
and polynuclear aluminium species®. A disadvantage of these methods is that the real
distribution of aluminium species in soil solutions cannot be established, as the
addition of buffer or other reagents modifies the original character on analysis.

This paper reports a feasible method for determining environmentally relevant
concentrations of free [AI(H,0)q]** ions in soil solutions.

EXPERIMENTAL

Lysimeters

The release of aluminium into soil leachate was investigated using lysimeters
with a surface area of 1 m?. Six lysimeters with different depths were installed on the
ground in the Institute to observe the vertical gradients of aluminium: two lysimeters
L (LI/F, LII/F), depth 25 cm, surface humus; two lysimeters L (LIII/F, LIV/F), depth
40 cm, surface humus with A/B horizons; and two lysimeters L (LV/F, LVI/F), depth
70 ¢cm, surface humus with 50 cm A/B horizons. The lysimeters contained undisturbed
soil monoliths from Hunau, a hill in the Rothaargebirge. In spring 1987, one of each
group of lysimeters was treated with the equivalent to 3 t/ha of calciumcarbonate/
magnesium carbonate—lime to study the effect of liming. In December 1987 the second
lysimeter, which was protected against natural rainfall, was watered with 5-fold
concentrated artificial precipitation to simulate stress in soils under strong acidic
conditions. The amount of artificial precipitation was identical with the original
precipitation at this site.

Apparatus

The total content of aluminium in the leachates was determined with a
Perkin-Elmer 3030 graphite furnace atomic absorption spectrometer with Zeeman-
effect background correction in pyrolytic graphite-coated graphite tubes and an
argon/argon—methane atmosphere. Each sample was acidified and measured three
times for statistical assessments. ;

The content of free AI>* ions {[Al(H,0)¢]**} was determined by isotacho-
phoresis (ITP) using an LKB 2127 Tachophor equipped with a high-voltage power
supply (0.1-30 kV, 10-500 ptA), an integrated conductivity detector and a UV detector.
For the detection of [AI(H,0)¢]** ions only the linear and differential conductivities
were registered (GILA 2000 Laumann recorder). Additionally, a precapillary tube (6
cm x 2mm [.D.) from ITABA (Sweden) was installed to separate irrelevant ions and
to increase the sensitivity. The main capillary tube (20 cm x 0.3 mm I.D.) served to
separate free AI** ions from other mononuclear and polynuclear aluminium species.
The samples were injected with various microsyringes.

Reagents
All solutions were prepared using analytical-reagent grade chemicals.
Aluminium standard solutions. 1 g/l AICl;—tritisol (Merck) = 1g/1AI’*; 13.89 g/
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AI(NO;); -9 H,0 = 1 g/l AIP*; 12.35 g/l Al(SOy4); - I8 H,O = 1 g/l AI¥*; 17.57 g/l
KAI(SO,); - 12 H,0 = 1 g/l AIP*.
Solution of sodium citrate. 1.56 g/l sodium citrate - 2 H,O = 1 g/l citrate.
Buffer solutions for the ITP method. 1.36 g/t sodiumacetate - 3 H,0; 1.21 g/l
tris(hydroxymethyl)aminomethane (Tris).

Procedure

The aluminium standard solutions were diluted so as to contain 1 mg/AI**. The
compositions of the two buffer systems are shown in Table 1.

Mixtures of aluminium chloride and sodium citrate were prepared by adding
various amounts of a solution of sodium citrate (10 or 100 mg/! citrate) to a standard
solution of 0.37 - 10 =3 mol/1 (1 mg/l) AI** to obtain Al**: citrate molar ratios between
0 and 1.5. The pH of these solutions was 4.67 + 0.2.

The soil solutions were analysed as soon as possible after collection. The samples
were filtered through a 0.45-ym membrane filter (Millipore). The injection volumes, ¥,
of the soil solutions depended on the concentration of AI** (V' < 50 ul).

RESULTS AND DISCUSSION

Isotachophoresis is based on carrier-free electrophoretic methods inducing
migration of ionic species in an electric field. With two different electrolyte systems
(leading and terminating electrolyte), ITP represents a discontinuous electrophoretic
system. Allions that have the same velocity in the electric field but are mobile between
the leading and the terminating electrolyte are separated and determined.

Various clectrolyte systems were tested to find an appropriate system for
separating the free AI** ions in solutions from other cations. An electrolyte system
consisting 0f 0.01 M sodium acetate (leading electrolyte) and 0.01 M Tris (terminating
electrolyte) proved to be most suitable, as the mobility of free AI** ions lay between
those of the leading cation Na* and the terminating cation Tris.

An aluminium solution of 1 mg/l was acidified to pH 2.0. The equilibrium

AP* + H,0 = AOH)** + H* (1)

TABLE

COMPOSITION OF AQUEOUS ELECTROLYTE SYSTEM FOR SEPARATING AI** IONSIN SOIL
SOLUTIONS

Parameter Leading electrolyte  Terminating electrolyte
Cation Na* Tris

Concentration  0.01 M 001 M

pH 3.6 33

Additions 1% HPMC 1% HPMC
Counterion Acetate Acetate

Temperature Room temperature  Room temperature

Current 30 pA 30 pA
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Fig. 1. Calibration graph for [AI(H,0)]**.

was shifted in favour of the initial products. Under these conditions, aluminium occurs
predominantly as free A1>* ion. In the range 0.1-2.0 mg/l AI** we obtained a linear
calibration graph (Fig. 1). The detection limit for AI** ions was 0.05 mg/I1. The kinetics
of the aluminium hydrolysis reaction depends on the ratio of Al to OH and it may take
from 1 h to several months to reach equilibrium®!!. After the preparation of an
aluminium solution and adjusting the pH with sodium hydroxide immediate
measurement of the solutions resulted in higher concentrations of [Al(H,0)¢]** than
in measurements performed 1 day later. To obtain equilibrium, the solution was given
a reaction time of 1 week before measurement.

6 ZONE LENGTH OF AI3* FRACTIONS [cm]

6.5 1
6
4.5
4
3.6
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Fig. 2. Determination of [AI(H,0)4)** in different Al salt solutions as a function of the pH of the samples.
Volume injected: 10~-50 ul. o = AICl3: + = Alx(SO,)3; * = KAI(SO,);: O = AKNO;);: x = AINO;);:
O—< = theoretical Al
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To establish the effect of various anionic and cationic complexes, different
aluminium salt solutions [AICl3, AI(NO3)3, Al,(SO4)s, KAI(SOy,),] were acidified to
pH 1.7. Identical calibration graphs were obtained for all solutions, indicating that no
measurable interferences of non-complexed cations and anions are to be expected in
the determination of free AI** ions.

If only free AI’* ions are detected by the described method, it should be possible
to determine the pK; value of the first hydrolysis equilibrium (see eqn. 1). For each of
the aluminium salt solutions with various pH values, identical pH dependence curves
were obtained. A comparison with the calculated pH curve (see Fig. 2) showed no
differences between the curves. From the pH curves a pK, value of 5.05 + 0.15 was
calculated, which is comparable to literature values, ranging from 4.60 to 5.69%-11:12,

Another verification of the method is the determination of the formation
constant of a weak Al complex. As a tridentate ligand citrate was selected, which forms
different metal-ligand complexes:

2 APT + 3 Cit’” = (ALCit)° + [AL(Cit),]*~

For this experiment a mixture of aluminium chloride and sodium citrate was prepared
and 10 ul of the different solutions were injected. The results of these measurements are
shown in Fig. 3. From the inflection point on the curve the formation constant, pK,
was calculated as pK(AI-Cit)° = —7.87 + 0.32 (literature values —7.37'2 and
—7.87 £ 0.3213),

As the aim of this study was to develop a method for the determination of free
AP** ions in environmental solutions, various soil solutions were tested using the
above method. In soil solutions with a high content of dissolved organic carbon, the
zone length of free AI** ions between pH 6 and 7.5 does not decrease as far as zero.

[em) zone length of the Al13* fraction

274 x

° Y T T T T —
[ 10.6 21.2 31.8 42.4 83 10~ mol/13 citrate
Fig. 3. Determination of “free AlI** ions”, [Al(H,0)¢}**, in an aluminium-citrate mixture, pH: of the
mixture: 4.67 + 0.2. Al concentration: 0.37 - 10~ mol/l. Volume injected: 10 pl of the mixture.
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[eml zone length of the AlS* fraction
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Fig. 4. Analysis of a soil extract of a surface soil and the pH dependence of the [AI(H,0)¢}** signal. Volume
injected: 10 ul. The pH values on the abscissa relate to the sample solutions.
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Fig. 5. Determination of [Al(H,0)6]** in soil solutions of lysimeters [LI/F (25 cm), LITI/F (40 cm), LV/F (70
cm), LI/A (100 cm)] by variation of the pH of the samples and comparison with a pure AlCl; solution.
Volume injected dependent on the pH: 10-50 pl. e—e = AICl3; + = LI/F, 10.8.87, % = LIII/F, 10.8.87;
O = LV/F, 10.8.87; x = LI/A, 11.8.87; & = LIII/F, 2.3.87. Extrapolation to pH 3.5.
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Several organic substances seem to have mobilities in the electric field which are
comparable to that of free A1** ions and therefore a complete separation is impossible.
As the concentration of free Al1** ions between pH 6 and 7.5 is zero according to the
first equilibrium of hydrolysis (eqn. 1), the value can easily be corrected, however, by
subtracting the zone length of the signal at neutral pH from the zone length of the
signal at the original pH value. This is demonstrated by the shape of the pH
dependence curve for a soil extract (Fig. 4) representing the results obtained on
checking this method in the presence of low-molecular-weight orgamc complexes
occurring in original soil solutions.

The theoretical curve for AI**/AI(OH)** is compared with the pH dependence
curves of some soil solutions with lysimeters by standardization and extrapolation to
pH 3.5 (Fig. 5). This correction was not carried out in Fig. 4, representing the original
state. All measurements in Fig. 5 show the same shape as inferred from eqn. 1. In

+

Na

M TRIS o

ag

R at
Fig. 6. Isotachopherogram of a soil extract (pH 4.23). Volume injected: 10 pl, ¢ = Time; G = response of the
conductivity detector; dG/df = time derivative of the conductivity detector response.
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TABLE I

COMPARISON OF THE RESULTS OF THE DETERMINATION OF [Al(H,0)]** AND TOTAL Al
UNDER DIFFERENT CONDITIONS

Sampling date, November 20-23, 1987; AAS = atomic absorption spectrometry; concentration of Al in

mg/l. Various types of treatment of the lysimeters: (a) untreated variant; (b) liming in spring 87; (c) 5-fold
concentrated rain.

Lysimeters ~ AAS (total Al) ITP (free AP)
Not treated  Liming  Acid rain Not treated  Liming  Acid rain

LI, 25 cm 1.22 0.50

LIl,25cm  0.86 3.29 0.56 2.94
LII}, 40 cm 4.89 2.73

LIV, 40 cm 1.0l 2.54 0.67 1.40

LV, 70 cm 1.15 0.89

LVL, 70cm  0.91 1.53 0.72 1.36

addition, this comparison shows that no other substances interfere with the signal of
free AI** ions (Fig. 6).
The reproducibility depends on the composition of the samples and varies
between 1% and 10%, depending on the impurities and aluminium concentration.
In Table II the total content of aluminium (determined by atomic absorption

TABLE Ii1

COMPARISON OF THE RESULTS OF THE DETERMINATION OF Al IN SOIL SOLUTIONS OF
LYSIMETERS OBTAINED BY AAS, ITP AND CLASSICAL METHODS

Various types of treatment of the lysimeters: (a) liming in spring 87 (sampling date, 25.1.88-2.2.88); (b)
untreated variant (sampling date, 25.9.87-13.10.87); (c) 5-fold concentrated rain (sampling date, 25.1.88~

2.2.88). Photometric methods: OXIN = 8-hydroxyquinoline method; CV = catechol violet S method. DOC
= dissolved organic carbon.

Lysimeters Free APY Al(OXIN) Al(CV) Total Al DOoC pH
(mgll) (mgll) (mgll) (mgfl) (mgfl)
LI, 25 cm, (a) 0.08 0.47 0.83 0.96 25.40 4.45
LIL, 25 cm, (b) 0.04 0.61 0.83 0.82 12.90 4.49
LIL, 25 cm, (c)  4.07 4.74 4.90 5.80 5.90 4.18
LIII, 40 cm, (a) 3.36 3.72 3.76 4.15 3.70 4.49
LIV, 40 cm, (b) 0.48 0.46 0.64 2.00 4.64
LIV, 40 cm, (c) 2.83 3.44 4.63 4.88 0.80 4.45
LV, 70 cm, (a) 0.72 1.54 1.23 1.72 2.00 4.67
LVI, 70 cm, (b) 0.18 0.36 0.28 0.63 2.60 4.75
LVL, 70 cm, (¢) 1.57 1.73 2.15 2.15 1.50 4.62

LII/A, 70 cm 0.36 0.72 0.81 0.89 0.20 4.82
(control) :
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spectrometry) and the concentration of “free AI** ions” (determined by isotacho-
phoresis) are compared for the fertilization and acidification experiments. Over the
investigation period of 1 year, fertilization with lime did not reduce the concentration
of total aluminium. The high content of dissolved organic carbon in the soil solutions
of the 25-cm deep lysimeters immobilized all “free AI** ions” that had been released
from soil (Table III). After watering with “acid rain”, however, the content of
aluminium in the soil solutions immediatedly increased considerably. The content of
“free AI®* ions” increased between 2- and 5-fold, which is illustrated by the values
obtained for LII/F (25 cm), LIV/F (40 cm) and LVI/F (70 cm).

CONCLUSION

The results show that ITP is suitable for detecting the species “[Al(H,0)¢]**”* in
soil solutions at environmentally relevant concentrations { >0.05 mg/l [AI(H,0)¢]**}.
The aluminium complexes and further cations and anions did not influence the
determination of [AI(H,O)e]’* in soil solutions. In contrast to the photometric
methods of complexing aluminium mentioned in the Introduction, which change the
original soil solutions by displacing the systems with buffer solutions of different pH
values (see Table I1I), the advantage of the ITP method is that the original condition of
the solution is maintained and the actual situation in soil solutions is registered.
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SUMMARY

An indirect photometric detection method is described which is based on the use
of an absorbing co-ion as the principal component of the background electrolyte. The
zones of non-absorbing ionic species are revealed by changes in light absorption due to
charge displacement of the absorbing co-ion. Theoretical considerations are given for
selecting a suitable absorbing co-ion to achieve a high sensitivity of detection.

The role of electromigration dispersion is illustrated by experiments and the
effects of the differences in the effective mobilities of sample ions and that of the
absorbing co-ion are discussed. The highest sensitivity can be achieved for sample ions
having an effective mobility close to the mobility of the absorbing co-ion. In such
a case, the concentration of the sample component in its migrating zone can be high
while electromigration dispersion is still negligible. The useful dynamic range of the
detection is then limited by the linearity and noise of the detector, the former
parameter being given mostly by the shape of the on-column detection cell. The best
sensitivities can be obtained in low-concentration background electrolytes containing
a co-ion with high absorption at a given detection wavelength.

It is shown that indirect photometric detection can be useful for detecting
substances that have no optical absorption in the UV and/or visible region, provided
that the composition of the background electrolyte is selected correctly.

INTRODUCTION

Sensitive and reliable universal detection of all migrating zones in capillary zone
electrophoresis (CZE) is of key importance for the utilization of this technique in
practice.

¢ Permanent address: Institute of Analytical Chemistry, Czechoslovak Academy of Sciences,
Leninova 82, 611 42 Brno, Czechoslovakia.
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In capillary isotachophoresis', potential gradient and conductivity detectors are
currently used for this purpose. In CZE?, the use of potential gradient® and
conductivity*~® detectors is limited to ionic species that have an effective mobility that
is substantially different to that of the background electrolyte co-ion. When this
difference decreases, the detector signal also decreases and it can often be masked by
the noise generated by electrochemical reactions on the sensing electrodes of the
detector cell®. Therefore, selective optical detectors are currently used here in either the
absorbance’ or the fluorescence mode®. Promising results were reported also with
electrochemical® and mass spectrometric’® detection. The possibility of using
a selective optical detection system as a universal detector is offered by the utilization
of the indirect photometric mode. Indirect photometric detection has already been well
adopted in ion chromatography!!-!? and, by monitoring the counter ion, it has also
" been used as a universal detector in isotachophoresis'>.

In CZE, indirect fluorescence detection has been used to monitor the migration
of zones of some amino acids'®, nucleotides, iodate, hydrogencarbonate and
lysozyme'®. The reported detection limits are impressive, mainly owing to the high
intensity of the excitation laser beam and small inner diameter (15 um) of the
separation capillary used. In this paper we propose a method for the universal indirect
detection of zones in CZE based on absorption photometric monitoring of a suitable
absorbing co-ion which is the principal component of the background electrolyte.

THEORETICAL

The excellent separation properties of CZE are due mainly to the low dispersive
performance of the equipment. In the optimum limiting case, the dispersion of the
migrating zones is determined only by diffusion, initial sample pulse width and Joule
heat'®!”. In practice, however, dispersion due to sorption phenomena!’!® and
electromigration dispersion*2° contributes significantly to the dispersion of mi grating
zones. The latter type of dispersion is closely related to the detection. It always occurs
during the migration of sample ions which possess effective mobilities different to that
of the background electrolyte co-ion; the higher the concentration of the sample
component in its zone, the more pronounced is the electromigration dispersion. The
electromigration dispersion is different for different ions, and the method of
suppressing it is to keep the solute concentrations in their zones sufficiently lower than
the concentration of the background electrolyte (BGE).

Obviously, the supprssion of electromigration dispersion by lowering the
concentration of the solutes in their zones places greater demands on the detection
sensitivity and limits the useful concentration range of detection in CZE. Generally,
electromigration dispersion is considered to be negligible when the concentration of
the solute ions is two orders of magnitude lower than that of the BGE co-ion*18,

The absorbance detectors currently used in CZE exhibit a noise level of ca.
1 - 10™* absorbance units (A.U.) and their useful dynamic concentration range covers
roughly three orders of magitude, as the upper limit of linearity is ca. 0.1 A.U. This
upper limit is given mainly by the shape of the on-column detector cell, which is
exclusively of circular cross-section in present practice. Here the Lambert—Beer law
does not hold true in the form derived for a cell with plane parallel windows.

The situation is shown schematically in Fig. 1. The light beams delimited by the
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Fig. 1. On-column absorbance detection in capillaries. For details, see text.

slit S strike the capillary C at different positions. The part of the radiation denoted by
aisrefracted by the wall of the capillary and is lost. The beams b and ¢ pass through the
solution inside the capillary and serve for the detection. Their path lengths are,
however, different. Hence, for each beam i a special equation can be written in the form

I,‘ = I()i : 10_“’1" (1)

where /; is the intensity of the ith beam, ¢ is the molar absorption coefficient of a sample
of concentration ¢ and d; is the optical path length of the ith beam. To obtain explicitly
the mean intensity of the radiation detected by the detector D, integration is necessary
and the resulting absorbance is not a linear function of the concentration c. A more
detailed numerical treatment of this problem can be found in the literature?!.
However, for low values of the exponent ecd;, eqn. 1 can be expanded into a series and,
by neglecting higher terms, it can be derived that for the intensity 7 detected by the
detector

[ =1y (1 — 2.3 ecd) )

where d is the mean optical path length in the capillary (d ~ 0.6 I.D.). Eqn. 2 can be
used in practice to describe the attenuation of the light beams up to ca. 0.1 A.U. At
higher absorbance, the detected and registered peaks are already significantly distorted
owing to the non-linearity of the detector.

When considering a capillary of L.D. 100 um filled with a solution of a solute
having ¢ = 10000 | mol™* cm™, the corresponding admissible maximum concen-
tration is about 10~ M. Itis interesting that according to eqn. 2, the detector to be used
in capillary techniques does not need to be equipped with a logarithmic converter.

Returning to the mutual relationship between the detection linearity and
electromigration dispersion, it follows that if indirect photometry is to be used for
detection in CZE, and if simultaneously the concentrations of solutes in the zones
should be 100 times lower than that of the BGE co-ion, then the useful dynamic
decrease in the BGE absorbance due to the migration of a zone (useful signal) would be
only 0.001 A.U. When using a photometer with a noise level of 0.0001 A.U. the
resulting signal-to-noise ratio is only 10, which is too low for practical use. Hence,
another means of suppressing electromigration dispersion must be found which is
based on the selection of a co-ton with a mobility close to those of sample components.
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In such a case, the electromigration broadening of zones during the migration is
negligible even if the concentrations of solutes reach the concentration of the BGE
co-ion. It should be stressed here that this method of suppression of the electro-
migration dispersion is of key importance as it is advantageous both for detection
(direct or indirect) and for achieving high separation efficiencies (number of
theoretical plates). Concerning the selection of the counter ion of the BGE, species of
low mobility should be selected to ensure a low conductivity of the BGE and hence
prevent excessive Joule heating during the analysis.

Another practical hint concerns the sample injection. It is convenient to inject
a low-concentration sample which is not mixed with the BGE*. In this instance the
concentration effect applies across the stationary boundary and the narrow sample
pulse obtained facilitates an increase in both the sensitivity of detection and the
separation power. Of course, the Joule heat limits the injection of low-concentration
(low-conductivity) samples by possible overheating at the point of injection.

EXPERIMENTAL

Equipment

The experiments were carried out in fused-silica capillaries of 130 um 1.D. kindly
supplied by Dr. Doupovec (Physical Institute, Slovak Academy of Sciences, Bratis-
lava, Czechoslovakia) and of 100 um I.D. deactivated fused-silica capillaries
(Chrompac International, Middelburg, The Netherlands). One end of the capillary
was connected to the electrode vessel via a block of Perspex, equipped with a Hamilton
valve, enabling the capillary to be rinsed and filled after each analysis with the help of
a syringe. The other end of the capillary served for sample introduction and was held in
a mechanical moving arm for easy movement of the capillary orifice from the electrode
vessel to the raised sample vial for hydrodynamic injection and back for the analysis.
A laboratory-made power supply delivering up to 14 kV and 100 uA was used to drive
the separation.

The zones separated in a 130 um 1.D. fused-silica capillary that was 46 cm long
(42 cm to the detection cell) were detected by a single-beam UV detector from
a Tachophor 2127 I'TP analyser (LKB, Bromma, Sweden) with the aid of a previously
described fibre-optic on-line detection cell®.

In some experiments a Varian 2550 variable-wavelength detector was used. In
this instance the original flow cell was replaced by a holder made of hard black PVC,
which held the 100 um 1.D., 40 cm long (30 cm to the detector) capillary tightly in the
optical path of the detector.

Chemicals and electrolytes

All chemicals were of analytical-reagent grade, supplied by Fluka (Buchs,
Switzerland). Distilled water was deionized on a mixed-bed ion exchanger.

Two types of background electrolytes were used. The first contained 0.02
M benzoic acid as the UV-absorbing anion and was titrated with histidine to pH 6.2;
0.1% Triton X-100 was added to this BGE to suppress the electroosmotic flow. The
second BGE contained a lower concentration of the anion with a higher UV
absorbance and consisted of 0.007 M sorbic acid titrated with histidine to pH 6.2. The
elimination of electroosmosis by the addition of Triton X-100 failed in this instance
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and, therefore, no additive was used. In both instances the concentration of the BGE
was selected so that its absorbance was the limit of the detector linearity.
All values of mobilities were taken from published isotachophoretic data??.

RESULTS AND DISCUSSION

The ranges of linear response of the detectors used were determined by filling the
capillary with standard solutions of benzoic acid. The plot of signal vs. concentration
of benzoic acid for the LK B detector is shown in Fig. 2. It can be seen that undistorted
peaks can be recorded for a detector signal up to 250 mV. The noise level was ca. 2mV.
Similar plots were obtained with the Varian 2550 detector. This double-beam detector
is equipped with a logarithmic converter and the response was linear up to 0.08 A.U.

The noise level was lower than 0.0001 A.U., which is an order of magnitude better
performance than that of the single-beam LKB detector.

5001 /

5001 y;
400 /

300 7

200

100

0 10 20 30 40 50 mM

Fig. 2. Detector response vs. concentration of benzoic acid inside the 130 ym LD. capillary.

In Fig. 3 the separation of fourteen model anions in BGE I with both indirect and
direct photometric detection is shown. The model sample composition covers a wide
mobility range from chloride (x = 79.08 - 10> cm?V~!s7!) to glucuronate (i =
25.4 - 107> cm?V~!s7!). The effective mobility of the UV-absorbing BGE co-ion
(benzoate) is 32 - 1075 cm?V~'s~! at this pH.

The electroosmotic flow was suppressed by the presence of 0.1% Triton X-100in
the BGE I and its magnitude was determined from the migration times of individual
zones. The resulting electroosmotic mobility was low, being ca. 1 - 107* em?V—1s71 in
the cathodic direction.

As expected, highly mobile anions provide broad peaks with a diffuse front and
sharp rear boundary and a low detector response. As the mobility of migrating anions
decreases, the detector response increases and the peaks become narrower.

The best signal is obtained for the zone of hydroxyisobutyrate (HIBA), which
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Fig. 3. CZE separation of anions in 130 gum LD. capillary with indirect photometric detection with
a modified LKB Tachophor detector operating at 254 nm. BGE I: 0.02 M benzoic acid-histidine at pH 6.2
+ 0.1% Triton X-100. Driving current: 35 pA at 13 kV. Abbreviations: Mal = malonate; Mmal
= methylmalonate; Dmal = dimethylmalonate; DCA = dichloroacetate; Lact = lactate; HIBA
= hydroxyisobutyrate; But = butyrate; Asp = aspartate; Sor = sorbate; i = impurity; Glut = glutamate;
Gluc = glucuronate. -

has roughly the same effective mobility as benzoate. The slow ions form zones with
a sharp front and diffuse rear boundary. Owing to the longer time of migration these
zones are broader than the zones of fast ions.

As the noise of the LKB detector was ca. 0.001 A.U., a further increase in the
sensitivity can be expected with the detector having lower noise. This is demonstrated
by Fig. 4, where the separation of thirteen non-UV-absorbing ions was performed in
a 100 ym L.D. capillary with the Varian 2550 spectrophotometric detector. Although
a 3-fold lower concentration of the sample in comparison with previous experiments

HIBA But
Lact
Asp
Dmal PO4
Mmal
A Mal DCA Glut
cio, u
[ol]

Gluc

YN L
0 2 4 6 8 10 {2 4 16 18 20 min
Fig. 4. CZE separation with indirect photometric detection using a Varian 2550 double-beam spectrometric

detector operating at 254 nm. The 100 um I.D. capillary was filled with BGE 1. Driving current: 20 yA at 10
kV. For details, see text.
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was injected here, a better signal-to-noise ratio was still obtained. On the other hand,
anew problem arose here with the baseline drift, which was found to fluctuate with the
BGE absorption owing to Joule heating during the analysis. For this reason the use of
thinner capillaries seems to be advantageous, where theoretically also better separa-
tion efficiencies should be obtained! 723,

Concerning the separation efficiency, it seems to be of interest to illustrate how it
is limited by electromigration dispersion. In Fig. 5, the number of theoretical plates is
plotted vs the difference between the mobility of the BGE co-ion and that of a sample
species. Obviously, the number of theoretical plates reaches its maximum for ionic
species having effective mobilities close to that of the co-ion. For greater differences in
mobilities the separation efficiency decreases strongly.

Apparently, the use of BGE 1 provides satisfactory results, however, some
conditions should be mentioned. The use of a relatively high concentration of BGE
enables the electroosmosis to be reduced substantially by the simple addition of Triton
X-100. On the other hand, the low absorbance of benzoate is the reason why the
sensitivity of indirect detection is low in comparison with that of the direct detection of
highly absorbing substances. This can result in peak masking even by trace
UV-absorbing components in the sample. Such a situation is demonstrated in Fig. 6,
where the original model mixture was enriched with o-aminobenzoate (OAB) and
picrate at concentrations of 2 - 10™* M. Obviously the concentrations of both species
added were three times lower than those of other sample components. It can be seen
that the aspartate peak is partly overlaped by OAB and seems to be much sharper, and

N
60 000

50 000

40000

30000

20 000

10000+

-40 -30 -20 -10 0 10 a@
Fig. 5. Effect of electromigration dispersion on the separation efficiency. & is the number of theoretical
plates, du is the difference 4, — % (10~°cm?V~'s7!), where i and c are sample ionic species and co-ion,
respectively.
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Gluc

16 min

Pic

Sor

Fig. 6. Indirect photometric detection with peak masking by strongly absorbing trace components in the
sample. The concentrations of o-aminobenzoate (OAB) and picrate (Pic) were 2 - 107* M. The
concentrations of other components were 6 - 107 M. Other conditions as in Fig. 3.

the peak corresponding to glutamate disappeared completely owing to migration of
picrate in the same zone.

The sensitivity of detection can be greatly increased by using a low-concen-
tration but highly absorbing co-ion in BGE, namely, BGE II containing 7 - 10~*
M sorbic acid. This solution has a low ionic strength and with the given instrumental
arrangement strong cathodic electroosmotic flow was observed. The use of additives,
e.g., Triton X-100 did not suppress electroosmosis significantly. Therefore, no
additives were used in further experiments and cathodic electroosmosis was utilizd to
drive sample components through the detection cell. The separation of the model
mixture of anions, driven cathodically by electroosmosis, is shown in Fig. 7.

The first detected positive peaks belong to potassium and lithium originating

0o 2 4 6 ' 8 10 12 1M 16 min

Fig. 7. CZE separation of anions with indirect photometry in low-concentration BGE II consisting of
7 -107* M sorbic acid- histidine at pH 6.2 with no additives. Driving current: 2 yA at 13 kV. LKB detector.
For details, see text.
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from the potassium phosphate and lithium lactate used for the sample preparation.
The large rectangular peak of water transported by electroosmotic flow corresponds to
the volume of sample injected and can be used as an electroosmotic marker.

The value of electroosmotic mobility, i.e., the term el/n, where ¢, { and 4 are the
permitivity of the BGE, the zeta potential and viscosity of the BGE, respectively, in the
Helmholtz-Smoluchovski equation was found to be ca. 60 - 105 cm?V-'s"!. Ob-
viously, the first peaks of anionic sample components correspond to low-mobility
anions, whereas the highly mobile anions with electrophoretic velocities comparable to
or higher than the electroosmotic velocity are not detected at all.

After the start of the analysis the sample ions migrate across the concentration
boundary between the BGE and sample solution. As the sample concentration is low
here (2 - 107> M of each ionic species), the migrating species are first concentrated
across the above-mentioned boundary into a narrow sample zone in which their
concentrations are adjusted to the values fulfilling the Kohlrausch regulation
function?®. Hence a sharp starting sample zone is created which aids positively the
detection of sample components. During the following migration (superposition of
electroosmosis and electrophoresis), however, zones containing ions with effective
mobilities different from that of the sorbate ion are broadened by electromigration
dispersion. The sharpest zones with the best detector response again provide anions
with a mobility close to that of the BGE co-ion (sorbate).

The detection sensitivity in this system is roughly 50 times better than that in the
previous instance and the detection limit even with a single-beam detector approaches
0.5 pmol injected.

Finally, we should mention an important practical aspect of the utilization of
electroosmotic flow for driving the sample species along the separation path. The
magnitude of the electroosmotic flow is strongly dependent on the history of the
capillary used. This is demonstrated in Fig. 8, which shows the separation of a sample

o 2 |l4 & 8 W 12 1 tsmm

Fig. 8. Variation of migration times due to changes in electroosmotic flow caused by the sorption of the
sample component. Fer = Ferroin. Other conditions as in Fig. 7.
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to which 10~ M ferroin was added. The sorption of ferroin on the capillary wall
manifests itself not only by the tailing of the ferroin peak but also by a substantial
decrease in the electroosmotic flow, which led to longer migration times and loss of the
dimethylmalonate zone.
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It is common in dynamic separation methods, e.g., chromatography, that the
analytical and/or separation possibilities are improved by the application of a suit-
able gradient. In gas chromatography, temperature gradients have been successfully
used for a long time'; in liquid chromatography, gradient elution? has been improved
progressively in the last decade. In both instances, the gradients used are dynamically
programmed during the analysis itself by instrumental means according to the re-
quirements of the user.

The use of gradients is also of great interest in electrophoretic techniques. In
electrophoretic ion focusing? and isoelectric focusing?, a pH gradient is used to focus
the sample substances into narrow bands at defined positions in the separation col-
umn. In these techniques, it is essential to create a sufficiently stable (constant steep-
ness) and stationary (not moving along the migration path) pH gradient along the
separation column, serving subsequently for the separation and focusing of the sam-
ple substances. These stationary gradients may be mobilized in order to move
through a fixed-point detection site by either hydrodynamic flow or substitution of
the counter-ionic system (so that the stability of the gradient is lost)>®,

Recently, a paper” was published describing the gradient elution method in
capillary zone electrophoresis (micellar electrokinetic capillary chromatography), in
which a stepwise solvent programme with increasing 2-propanol content in the back-
ground electrolyte was used.

To our knowledge, so far no attempt has been made to perform capillary elec-
trophoresis in a mobile pH gradient which is dynamically programmed. The aim of
this paper is to illustrate this possibility by prelimifiary experiments. It involves a
description of simple instrumentation that enables one to generate dynamic changes
of pH in the separation capillary, thus forming a moving pH profile along the sep-
aration path. An example of the effect of a dynamic pH gradient on the migration
behaviour of substances is given.

EXPERIMENTAL

The experiments were performed using equipment similar to that described
elsewhere®; and shown schematically in Fig. 1. The separation capillary was placed

0021-9673/89/803.50 © 1989 Elsevier Science Publishers B.V.
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Fig. 1. Schematic diagram of the apparatus used. C = Electric current ratio controller; HV = high-voltage
power supply; INJ = injection site; UVD = UV absorption detector.

between two electrode blocks. The starting electrode block consisted of two electrode
chambers, one of them containing the primary (or background) electrolyte (0.01 M
K Q) and the other one the modifying electrolyte (0.01 M HCI). The other electrode
block contained 0.01 M KCl. The two electrode chambers in the starting electrode
block were connected to the high-voltage power supply via an electric current ratio
controller.

For the construction of the instrument, a CS Isotachophoretic Analyzer (In-
stitute of Radioecology and Applied Nuclear Techniques, SpiSska Nova Ves, Cze-
choslovakia) was modified in such a way that only one separation capillary was
placed between the sampling valve and the UV absorption detector (254 nm). The
modified electrode chamber was connected to the starting electrode block by a nar-
row-bore PTFE capillary; the mixing point was at the upper end of the sampling
valve.

In all experiments, 0.01 M KCl served as the primary electrolyte. For its prep-
aration, freshly boiled distilled water was used; the pH of the solution was adjusted to
4.25 by addition of HCL. The modifying electrolyte was 0.01 M HCL

To prevent disturbances caused by the penetration of the electrode reaction
products from the electrode chambers into the separation capillary, two precautions
were taken. To suppress the penetration of OH™ ions into the capillary from the
cathodic electrode chamber, this chamber was filled with 0.01 M HCI. In the anodic
electrode chamber filled with 0.01 M KCl (see Fig. 1), an electrode made of silver was
used to prevent H* production.

All chemicals used were obtained from Lachema (Brno, Czechoslovakia). The
sample (0.1 ul of 0.005 M pyridine + 0.005 M p-bromoaniline, pH 4.9) was in-
troduced with a 2-ul syringe (Hamilton, Bonaduz, Switzerland) via the septum up to
the point of connection between the sampling valve and the detection capillary.
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Fig. 2. UV detection record of an analysis in the zone electrophoresis mode. Background electrolyte, 0.01
M KCl (pH 4.25); I = 200 pA. Py = pyridine; PBA = p-bromoaniline. T = transmittance.

The rate of increase of the pH gradient was controlled electrically by setting up
the ratio of the two electric currents, I,/I, (cf., Fig. 1) while keeping the total electric
current (/ = I; + I) constant (200 pA).

RESULTS

In order to show the possible influence of a dynamic pH gradient in zone
electrophoretic analysis, experiments were performed with a model sample containing
pyridine and p-bromoaniline. Fig. 2 shows the analysis of the sample by classical
(isocratic) zone electrophoresis (background electrolyte 0.01 M KCl, pH 4.25). 1t can
be seen that the separation of the two substances was effective, but the analysis time
was fairly long owing to the relatively slow migration of the p-bromoaniline zone,
accompanied by considerable broadening of its peak. The pyridine peak was asym-
metric owing to electromigrational dispersion caused by the relatively large amount
of sample that was necessary to keep the signal-to-noise ratio at a reasonable level.

Fig. 3 shows the result of an analysis of the same mixture at low pH. Electro-
phoresis was carried out in 0.0167 M HCI (pH 1.77), which is the most acidic medium
obtainable with 0.01 M KCl as the primary electrolyte (when I = 0, see Fig. 1). The
analysis time for pyridine was three times longer than that in the previous experiment
and the peak of p-bromoaniline was hardly detected owing to the decrease in its molar
absorption coefficient with decrease in pH.

Py,

PBA

e

T L
30 20 10 0 min

Fig. 3. UV detection record of an analysis in the zone electrophoresis mode. Background electrolyte, 0.0167
M HCI (pH 1.77); I = 200 pA. Abbreviations as in Fig, 2.
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PBA

L

10 0 min

Fig. 4. UV detection record of an analysis with a pH gradient. Primary electrolyte, 0.01 M KCl (pH 4.25);
modifying electrolyte, 0.01 M HCI; 7 = 200 pA; I, was increased and I, was decreased at 4 #A/min.
Abbreviations as in Fig. 2.

Fig. 4 shows the result of an analysis using a pH gradient. The starting condi-
tions were identical with those in the previous experiment [background (i.e., primary)
electrolyte 0.01 M KCl, pH 4.25]; the dynamic gradient was then programmed by a
stepwise increase in the modifying current (4 uA/min). It can be seen that the analysis
time for both substances has decreased and that their peaks have become sharper.

The use of migrating pH gradients in capillary zone electrophoresis seems to be
promising and work on this topic is continuing.
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