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1.1

Introduction

Abstract

The basic principles of electrophoresis and parameters affecting electrophoretic separations
are described. The equipment that is needed for CE separations is described and the several
separation modes with different application areas are discussed. The potential of the technique
is discussed by considering some bioanalytical applications from literature. Attention is paid
to sample handling, buffer systems, capillary dimensions, detection and assay validation.

Introduction

Electrophoresis is defined as the migration of charged species in an electric field. This phe-
nomenon has been studied for more then one century. The definition of cathode and anode was
already introduced by Michael Faraday (1791-1867). Conductivity measurements led to a bet-
ter understanding of the behaviour of weak and strong electrolytes in a solution. Important
contributions were made by well known scientists like Friedrich Wilhelm Georg Kohlrausch
(1840-1910), Svante August Arrhenius (1859-1927), Friedrich Wilhelm Ostwald (1853-1932),
Lars Onsager (1903-1976) and many others. In the beginning of the twentiest century electro-
phoresis found its way in analytical applications. Separation and characterisation of different
biomacromolecules based on differences in electrophoretic mobilities was possible. In bio-
chemical research techniques like gel electrophoresis and isoelectric focusing are still im-
portant analytical tools.

Experiments of free zone electrophoresis in capillaries were reported by Hjerten in 1967
applying a rotating quartz tube of 1-3 mm inner diameter (ID) and Virtanen in 1974 who used
0.2-0.5 mm ID capillaries [1, 2]. Everaerts et al. developed in the 70’s a capillary isotachopho-
resis apparatus suitable for routine analysis [3]. The first demonstration of the amazing sepa-
ration power of capillary zone electrophoresis was done by Jorgenson and Lukacs in 1981 [4,
5]. Highly efficient separations in narrow bore capillaries (< 100um ID) have been obtained
using a high electric field strength [6]. A few years later Terabe et al. introduced micellar elec-
trokinetic capillary chromatography extending the capillary electrophoretic separations from
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ionic species to neutrals [7, 8]. These experiments, together with the development of new sen-
sitive detection systems, were the beginning of a new direction in micro-scale separation meth-
ods, the capillary electrophoretic separations [9-18] (Fig. 1).
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Fig. 1 Capillary zone electrophoresis attracted a lot of attention by highly efficient separa-
tions of standard mixtures. The potential of the technique is demonstrated by analysis of a
mixture of amino acids, Arg (1), Lys (2, 3), Trp (4), Phe (5), Thr (6), Ser (7), L-Dopa (8), Glu
(9) and Asp (10). Plate numbers vary from 3.5 10° (1) to 2.0 10° (9, 10). Detection of the
derivatised amino acids took place with laser-induced fluorescence detection (LIF).
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Theory

Electrophoresis

Electrophoresis is the migration of charged particles in an electric field. When an electric
field is applied to an electrolyte solution the ions will migrate with an electrophoretic velocity
(vi) given by

vi=mi E 1)

where E is the electric field strength and m; the electrophoretic mobility of ion i. A charged
particle in an electrolyte solution is accelerated in a constant electric field by an electric force
Fe=qE where q is the charge on the particle. As the velocity of the particle increases, the electric
force is counterbalanced by the frictional force given by Stoke’s law, Fg= -6ntrmv where r is
the particle radius and n the dynamic viscosity of the medium.

Two other effects should be taken into account, the electrophoretic effect and the relaxation
effect. The electrophoretic effect is caused by the oppositely charged ions that are surrounding
a particle. In an electric field these ions move in the opposite direction which means that the
particle is moving against a stream of solvent which reduces the particle velocity. The relaxa-
tion effect is also a result of the ionic atmosphere around the particle. When a particle moves
into the direction of the electrode, it moves out of centre of its ionic atmosphere. Therefore, the
symmetrically distributed ionic atmosphere around the ion is disturbed, resulting in an electro-
static drag on the moving particle. This also reduces the electrophoretic velocity of the particle.

Electrophoretic separation of different analytes is based upon differences in electrophoretic
mobilities. The electrophoretic mobility is given by

mi = Ci Cie/m (2)

where (; is the zeta potential of ion i, € is the permittivity of the electrolyte and C; is a constant
depending on the size of the ion i and on the thickness of the electric layer surrounding it. The
zeta potential of a particle reduces when the ionic strength of the electrolyte is increased result-
ing in a decrease of the electrophoretic mobility. To enable exchange of data it is convenient



10 Chapter 1.1

to describe electrophoretic mobilities independently from the ionic strength. The electropho-
retic mobilities of ions are often tabulated as the limiting ionic mobilities, i.e. the mobilities of
the ionised particles at infinite dilution. The electrophoretic mobility at finite dilution can be
calculated using the Debye-Hiickel-Onsager equation, which is for electrolytes at 298K [19]

mi = m% - [ (0.23 |[m%zi zr| + 31.3 10° |zi|) \/u/(1+/n) ] (3)

where p is the ionic strength of the electrolyte solution (mol 1), m% the limiting electrophoretic
mobility and z; the ionic charge of i. The subscript R refers to the counter ion. The ionic strength
is given by n=0.5 Z(aiT;z%), where ai is the degree of dissociation and €; is the molar analytical
concentration of i. A complete treatise on the Debye-Hiickel-Onsager theory can be found in a
textbook on physical chemistry.

As an example, the ionic mobility of acetate in 10 mmol/l sodium acetate at 298 K is calcu-
lated as -38.7 10° m?V-1s? (limiting ionic mobility -42.4 10° m?V-1st, u=0.010 mol/l). For 1
mmol/I the ionic mobility of acetate is -41.1 10°° m?V-1s't, Tabulated data on electrophoretic
mobilities are often obtained using moving boundary electrophoresis or conductivity measure-
ments for several concentrations of strong electrolytes. The limiting electrophoretic mobility is
obtained by extrapolation to infinite dilution.

So far, only fully dissociated ions are considered. However, for weak ions the degree of
dissociation is of much more importance for the electrophoretic mobility than the electrolyte
ionic strength. The actual electrophoretic mobility for weak ions is given by the sum of the
product of the ionic mobilities of the subspecies and the degrees of dissociation

m, = Z(ai m;) 4)

where a is the degree of dissociation, m; the ionic electrophoretic mobility of the fully disso-
ciated subspecies and m, the effective electrophoretic mobility of ion i.

For the calculation of the effective mobility, the ionic mobility is calculated from the limiting
mobility and used in egn. (3). As an example, the effective electrophoretic mobility of acetate
in a 10 mmol/l Tris-acetate buffer at pH 4.8 is calculated as -19.8 10° m?V-1s? (pKa = 4.8, aac
= 0.5, u =0.005 mol 1Y, moc = -42.4 10° m?V-s1, mac = -39.7 10° m2Vv-1s1). In practice,
several other factors such as temperature inside the capillary, applied electric field and buffer
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ionic strength are determined with a certain imprecision. Furthermore, at concentrations below
10 mmol/I the difference between m% and mj is small. Therefore, often the limiting ionic mo-
bilities are used in eqgn. (4). For the example of acetate this gives an effective mobility of -21.2
10° m?V-1st, The effective electrophoretic mobilities of several buffer ions as a function of pH
are shown in Fig. 2.
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Fig. 2. Effective electrophoretic mobilities of some weak buffer ions vs. pH. The mobility of
S-alanine (A) is low between pH 4-10 and reverses at the pl (pH 6.9). Line (B) is HEPES (4-
(2-hydroxyethyl)-1-piperazine ethanesulphonic acid), (C) is glutamic acid and (D) is phos-
phoric acid.

Conductivity

The conductivity of an electrolyte solution depends on the concentration, charge and elec-
trophoretic mobilities of the ionic constituents. The molar conductivity is defined as the spe-
cific conductivity divided by the concentration

A =xlc (5)

The specific conductivity k is can be determined in a conductometric cell as k=L/(AR),
where L is the distance between the electrodes, A is the cross sectional area of the electrodes
and R is the electric resistance. For accurate determination an alternating current (1-4 MHz) is
used, so that polarisation effects are eliminated. In an electrolyte solution all ionic constituents
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contribute to the specific conductivity which is given by
K = F 2(zi ai T, m;) (6)

where F is Faraday’s constant, z; is the ionic charge, T, is the analytical concentration and m;
the ionic electrophoretic mobility of i. For anions both zi and m; have negative values. In case
of strong electrolytes ai is 1. The sign ( ~) on the concentration is often used in literature to
refer to the analytical concentration. In case of weak acids this is T,=[A]+[HA].

When the conductivity of an electrolyte is measured the value of « refers to the contribution
of all ionic species. Kohlrausch found already a century ago that at infinite dilution the contri-
bution of a certain cation to the total conductivity is always the same, irrespective of the anion
that is used. This is the law of independent migration of ions

A=hae ¥ )

where A+ and A.are the ionic conductivities of the cation and the anion. Equation (7) enables
the determination of weak electrolytes using several solutions of strong electrolytes. In practice
it is easier to determine the limiting ionic conductivities of strong electrolytes than of weak
electrolytes.

For example the conductivity of a weak acid such as acetic acid can be calculated using
strong electrolyte solutions of sodium acetate, sodium chloride and hydrochloric acid as

A%ac = ANar + A0ac- + A%+ + Alci - AONasr - A% (8)

Conductivity measurements can be used in calculation of electrophoretic mobilities. The
limiting electrophoretic mobility can be calculated from the limiting conductivity using

mo = Ao/ (F 2) 9

Equations 3, 4, 6 and 9 are particularly useful for calculation of the electrolyte conductivity
and analyte mobilities from tabulated values of limiting mobilities and conductivities [3, 19-
21]. Data on mobilities and conductivities are required in optimisation of CE procedures. How-
ever, tabulated data for a given electrophoresis buffer are not always available, especially when
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certain additives such as organic modifiers or complex forming agents are used. In such cases
mobilities and conductivities can be determined experimentally using CZE with indirect detec-
tion (see Chapter 3.2).

Electroosmosis

The velocity of an ion in CE is not only determined by the electrophoretic velocity. When
an electric field is applied over a fused silica capillary the bulk solution moves into the direction
of the cathode. This phenomenon is called the electroosmotic flow (EOF) (Fig. 3).

The fused silica capillary that is used in CE separations contains silanol groups. Under most
operating conditions the silanol groups are negatively charged. Cations in the electrolyte are
arranged as an ionic layer to the silanol groups at the capillary surface. The cations close to the
surface are constrained in a rigid plane, the so-called Stern layer. Further away from the capil-
lary surface the cations are freely moving and the ionic atmosphere becomes more diffuse.
Under the influence of an electric field these cations move into the direction of the cathode and
drag the inner bulk liquid along.

[
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8 GSD 8 bulk

O—> O—> O— O—> diffuse layer

Stern layer

capillary wall

Fig. 3. Schematic representation of the EOF induced by charge differences in the double layer.
The total number of positive and negative charges is exactly the same (electroneutrality). Be-
cause of freely moving cations in the diffuse layer the bulk is moving towards the cathode.

Characteristic of the EOF is the plug flow profile. In principle, all ions outside the double
layer are affected the same way by electroosmosis irrespective of the radial position of the ion.
Therefore, the EOF does not contribute to zone broadening in CZE. This is in contrast to a
pressure-induced flow profile as seen in liquid chromatography. A so-called Poiseuille flow,
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results in a parabolic flow profile that contributes to band broadening.
The electric potential at the boundary of the fixed and freely moving cations is the zeta
potential. The velocity of the EOF is given by

Veof = MeofE (10)
and the electroosmotic mobility is defined as
Meof = -€C/M (11)
Because the EOF is generated at the capillary wall, n is the viscosity at the wall. This is
important in case additives are used that adsorb to the wall. These additives such as cellulose

polymers change the local viscosity and reduce the EOF. The viscosity of the bulk liquid is
hardly affected, which means that the electrophoretic mobility remains the same.

Fig. 4. The net velocities of anions, neutrals and cations in capillary electrophoresis in pres-
ence of an EOF.

In CZE the magnitude of the zeta potential is in the order of -0.1V for fused silica capillaries
at neutral pH. For a buffer viscosity of 10-3Nsm and a dielectric constant of 7.08 10-1°CV-'m-!
the electroosmotic mobility is 7.1 108m?V-s%, which is higher than the absolute mobility of
most anions. The electrophoretic velocity is superimposed on the electroosmotic velocity. As
a result cations, neutrals and anions are all moving in the same direction. The neutrals are
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carried with the EOF and migrate together in one zone (Fig. 4).

Temperature and efficiency

A characteristic of C(Z)E is the application of a high electric field strength, typically 50
kV/m. A high electric field strength is favourable with respect to migration time and efficiency.
Dissipation of the Joule heat resulting from the electrical current is possible by the use of nar-
row bore capillaries with inner diameters of 100 um or smaller. The application of high electric
field strengths is limited by thermal dispersion. An optimum exists in the applied electric field
strength with respect to plate height and separation efficiency.

The migration time (t) is given by the capillary length and the sum of the electrophoretic
and electroosmotic velocities as

t=1Iv (13)

where | is the effective capillary length and v the migration rate of the analyte. In a CZE system
the detection often takes place at a short distance from the capillary end. Therefore, the length
from injection to detection is the effective capillary length | and the total capillary length is L.
Substituting (1), (10) in (13) and defining the electric field strength as the voltage divided by
the total capillary length gives

- {L_I}g (14)

m+mg | V

where V is the running voltage.

In an optimised CZE system the longitudinal diffusion is considered the only factor that
contributes to zone broadening. The longitudinal variance is given by the Einstein equation
c4?=2Dt where D is the molecular diffusion coefficient and t is the CZE migration time. Sub-
stitution in the well known efficiency equation N=1%/c? results in N=I%/(2Dt). Substitution with
(14) gives

N:|:(mi+m60f)lj|'v (15)
2DL



16 Chapter 1.1

Equation (14) and (15) clearly demonstrate the importance of the high voltage for a high
efficiency and a short migration time. It should be kept in mind that eqn. (15) is based on the
assumption that thermal dispersion is negligible which is not the case when the electric field
strength becomes too high.

The contribution of Joule heat to zone broadening has been described by several authors.
The theoretical model assumes that the Joule heat is dissipated through the capillary wall. The
temperature varies with the radial position in the capillary and result in a radial parabolic tem-
perature profile (Fig. 5). The lowest temperature is near the wall, the highest in the axis of the
capillary. Under optimised conditions the temperature difference is less than 0.1 K.

capillary radius
<
I

temperature —p

Fig. 5. The heat generated under influence of an electric field is dissipated through the wall.
As a result a radial parabolic temperature profile exists in the capillary.

The viscosity of the buffer changes with temperature which results in a parabolic viscosity
profile in the capillary. Because of the inversely dependence on the electrophoretic mobility to
the viscosity (eqn. 2), the analyte velocity changes with its radial position and zone broadening
occurs. Knox et al. [22, 23] derived an equation for the thermal contribution to the plate height
as

d’v )
H. = -(0.0136 16
96D ( ) (16)

where d is the capillary diameter and with
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r’E*k
4\

0=

(17)

where « is the conductivity of the background electrolyte, r is the capillary radius and At is the
thermal conductivity. Writing the thermal variance as o712 = Hr L, using (1) and (13) and re-
placing the constant 0.013 for 0.5 & results in

2Q2,.~26,6

2=t1<6mE2r (18)

1536D2%;

where § is the velocity spread factor which gives the relative change in mobility as a function

of temperature. Equation (18) is the same equation as used by Foret et al. [17, 24]. A somewhat
different result is obtained by Hjerten [1, 25] who derived

4o = BLrZEzK (19)
40T

where 4 o7 is the zone width at the baseline, B is a constant (2400 K), T is the temperature and

L is the electrophoretic migration distance. Grushka et al. [26] confirmed these findings and

concluded that the Knox approach is in fact a limiting case of equation (19).

For example, when an analyte is detected after 10 min (EOF marker at 5 min) at a voltage
of 20 kV (10.1 pA) and a capillary of 700x0.075 mm (600 mm effective length) is used, then
the variance (o) calculated with eqn. (18) is 1.48 101! m? (t=600 s, k=0.080 Sm, §=0.024
K1, E=28570 Vm?, m,;=-35 10° m?V-1s, meor=70 10° m2V-1st, D=0.5 10° m?s?t, Ar=0.6
Wm1K1, T=293 K). Using the same values in eqgn. (19) and writing L as the electrophoretic
migration distance L=, Et (eqn. 13 and 1) the thermal variance is calculated as 2.57 108 m?.
The thermal contribution to the total variance using (19) is approximately a factor 1700 higher
than calculated with (18). However, in both cases the thermal variance is almost negligible with
respect to the longitudinal diffusion calculated using c¢>=2Dt=6.0 10" m2. When in equation
(19) L is written as a function of E then in both equations the variance increases with ES, «?
and (in egn. 19 only) with r%, These three parameters are often varied in CE optimisation pro-
cedures.
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In practise, efficient heat dissipation to the environment appears to be of major importance
for temperature control and stability. Therefore, often a CE system is equipped with an air or
liquid capillary-cooling device. In Chapter 3.3 (eqn. 31) the contribution of heat dissipation to
the temperature inside the capillary is described.

It should be noted that the electroosmotic plug flow profile is not affected by Joule heat
[25]. The dependence of the EOF velocity on the viscosity (and temperature) is referring to the
viscosity at the capillary wall (egn. 11). The contribution of Joule heat to zone broadening is
small in most cases where capillaries with inner diameters <100 um are used. Other factors
such as the injection zone length, longitudinal diffusion and the composition of the sample
buffer are predominantly influencing the zone width. A more detailed discussion on zone
broadening is given in Chapter 1.3.

A
H B
D
C |
/ |
E _> Eopt

Fig. 6. An optimum electric field strength (Eopt) exists with respect to plate height (H). At higher
electric field strengths the thermal contribution to plate height (D) increases. The longitudinal
contribution (B) decreases due to a decrease in migration time. The contribution of injection
and detection (C) is constant. As a result a minimum exists in the total plate height (A) at
E:Eopt.

When the contributions of Joule heat and longitudinal diffusion to zone broadening in CZE
are given as a function of the electric field strength, then it is possible to derive an equation for
the optimum electric field strength (Fig. 6). The optimum is given by solving the equation
SdH/SE=0. Obviously, such an equation is of great practical value in an optimisation procedure
of a CZE analysis. Foret et al. derived [17, 24]
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Eon = { o } (20

r ok (M, +m,,)

Hjerten derived a different equation for the optimum electric field strength [25]

1
3D(|mi|+meof)/1’2I'T4 g

where B is a constant (2400 K) and T the temperature.

For the same example and the same constants as used with egn. (18) and (19) an optimum
electric field strength of 128 kV/m is calculated using eqn. (20) and 38.4 kV/m using eqn. (21).
Although both equations describe qualitatively the parameters that affect the optimum electric
field strength, in our experience the result of eqn. (21) is more realistic than eqn. (20). One of
the factors that causes the difference is the contribution of thermal zone broadening, which is
considerably lower in the Foret approach (eqn. 18, 20).

For calculation of the optimum electric field strength the electroosmotic and the electropho-
retic mobility is needed. The electroosmotic mobility is determined by adding a detectable
neutral marker such as mesityloxide or methanol to the sample. The electroosmotic mobility is
then calculated from the migration time of the neutral marker using egn. (10). When the elec-
troosmotic migration time is known the effective electrophoretic mobility can be calculated
from the CZE migration time using

m {L_L]'—_' (22)

where tiot is the CZE migration time of analyte i and teor is the electroosmotic migration time.
Another important parameter in optimisation procedures is the resolution. The resolution is
determined by the efficiency and the selectivity as
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R = (23)

N Av
4 v,
where vy is the mean velocity of both analytes and Av/vy, the relative velocity difference
between the two analytes which is the selectivity. The velocity is the sum of the electroosmotic
and the electrophoretic velocity. Using egn. (1) and (10) the difference in velocity can be writ-
ten as Av = (m,-m,)E. Using the same equations the mean velocity can be written as vi2 = (
m, ,+Meor)E, Where M, is the mean effective electrophoretic mobility of both analytes. Com-
bining this with egn. (15) and (23) gives

. 2VI
R:(ml_mz)’ —
64DL (Mg, +Mey)

(24)

Equation (24) shows that a high voltage is favourable for the resolution.

It should be kept in mind that this equation is derived from (15) which is only valid when
the longitudinal diffusion is the predominant source of zone broadening. Changing one of the
parameters in eqn. (24) may also affect the heat development and thermal dispersion. This may
even lead to a situation where eqn. (24) is no longer valid and a decrease of resolution is ob-
tained. Therefore, the resolution is often optimised by improving the selectivity (Av/vi). This
can be done by changing the electrophoresis buffer, changing the pH or using additives.

Instrumentation

A schematic representation of equipment used in CZE experiments is given in Fig. 7. The
capillary is filled with background electrolyte (BGE) and placed into an anode and a cathode
buffer vial filled with the same BGE. The fused silica capillary (F) is placed in the 4 ml buffer
vials (V1 and V2). The power supply (P) is connected to the electrode in V1 which is placed
in a safety box (B). This electrode is used as cathode or anode depending on the polarity of the
power supply.

The high voltage unit is usually in the range of 15-60 kV with a maximum current of ca. 0.3
mA. In most equipment a bi-polar power supply is used. This is convenient in case polarity
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switching is applied. The other electrode is positioned outside the safety box and close to the
detector (D) and is therefore grounded. The current is measured via an amperometer (A) at the
grounded electrode. The sample vial (S) is kept at an adjustable level with respect to the elec-
trode buffer level to enable hydrodynamic sample injection. All vials are septum closed to
prevent evaporation.

I'U

]
M

Fig. 7. Schematic representation of a typical custom-made CZE system. For explanation see
text.

In most CE systems injection takes place either electrokinetically or hydrodynamically. An
injection zone length that is smaller than 1% of the effective capillary length is favourable with
respect to efficiency and resolution (Fig. 8). Regardless of all other contributions to zone broad-
ening, the maximum separation efficiency that can be achieved for an effective capillary length
| is given by N = 12 I?/L%y;, where Lin; is the injection zone length [17]. Injection volumes are
therefore usually in the range of 0.1-20 nl. For electrokinetic injection the capillary inlet and
the electrode are placed in the sample vial. The analyte ions migrate into the capillary by ap-
plying a certain voltage for a certain period of time. The injection volume (Qinj) is then given

by

| zr?
I A AV 25
anj l: ttmv:| Inj ~Inj ( )

where |, tit, tinj and Vinj are the effective capillary length, the CZE migration time, and the
duration and voltage of injection, respectively. Each different analyte migrates with its unique
velocity into the capillary which means that each different analyte is injected with a different

zone length and volume.
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Fig. 8. High resolution separations are possible when the injected sample volume is smaller
than 1% of the effective capillary length. Separation of a mixture of fluorescently labelled
amino acids at an injection volume of 12 nl (A, 0.1%) and 1.0 Il (B, 8.5%). A capillary of
1000x0.15 mm with 700 mm effective length is used.

Characteristic for CZE separations is the possibility of improving the loadability of the sys-
tem by electrophoretic analyte focusing [27]. This can be done by using a sample buffer with
a lower conductivity than the BGE. This phenomenon is called stacking, zone sharpening or
field amplified injection. When a sample buffer is used at a specific conductivity that is a factor
Y lower than the specific conductivity of the BGE then the injected sample concentration in-
creases a factor Y [28]. As a result the injected sample zone length is reduced with a factor
1/Y. In practice this means that when the sample is dissolved in water and electrokinetic injec-
tion is applied, the sample concentration detection limit improves by a factor 10-1000 depend-
ing on the BGE.
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In Fig. 9A an electropherogram is given obtained after electrokinetic injection for 5s at 5
kV of a 1 mg/ml solution of the drug suramin in 1 mol/l phosphate buffer. The same sample
solution was diluted with water to (B) 100ug/ml in 200 mmol/l buffer (C) 20ug/ml in 10 mmol/I
buffer and (D) 1ug/ml in 1 mmol/l buffer. The detector settings and the injection voltage and
time were the same. The electrophoresis buffer consisted of 50 mmol/l phosphate buffer at pH
4.5. In case (A) zone broadening due to concentration overloading occurs, in case (C) and (D)
the analyte is concentrated during injection (stacking).
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Fig. 9. The performance in CZE can be manipulated by using a sample buffer concentration
differing from the BGE. For further explanation see text.

Hydrodynamic injection procedures are performed by placing the capillary inlet in the sam-
ple vial and applying a pressure or height difference. The injection volume is given by

zd*
Q.. = 1. AD. 26
inj {128 UL} 1 pl ( )

The pressure difference can be converted to a height difference using Ah=Ap/pg where Ap
is the pressure difference (bar), p is the buffer density (kgm3), and g is the gravitational force
(9.8 ms2). For water a pressure difference of 20 mbar corresponds to a height difference of
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approximately 20 cm. This conversion is independent of the capillary diameter. Using a hydro-
dynamic injection results in equal zone lengths and volumes for different analytes. However,
when the sample buffer is different from the BGE with respect to concentration, pH or addi-
tives, different changes in zone length and in analyte concentration may occur for different
analytes after starting the CZE analysis. When sample matrix effects are not wanted, the analyte
should be dissolved in BGE and the sample concentration should be at least a factor of 100
below the BGE concentration.

rel. peak height

time (min)

Fig. 10. LIF detection of 120 pmol/l fluorescein. Minimum detectable concentration based on
3Xonoise 1S 17 pmol/l which corresponds to a minimum detectable amount of 0.3 attomol.

Several detection systems have been reported in literature [10, 11]. Highest sensitivities are
obtained with laser induced fluorescence (LIF) and electrochemical detection, provided that
the compound of interest has the suitable detection properties (Fig. 10). In most commercially
available systems absorbance detection is applied. Absorbance detection is easy and more
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widely applicable. Optical detection takes place close to the capillary end using a small part of
the capillary as detection cell. The detection cell is made by burning off a small part of the
protective outer polyimide coating. In capillaries with an UV transparent (outer)coating the
detection takes place without any modification of the capillary.

For a cylindrical on-capillary detection cell the optical path length is dependent on the radial
position of incidence. Therefore, a modification on Beer’s law is applied. Foret et al. derived
for absorbance detection [17]

A = -log [1-2.303 (¢ ¢ 0.67 d )] @27)

where A is the absorbance, € is the molar absorptivity, ¢ the analyte concentration and d the
capillary diameter. Bruin also took the aperture width in consideration and derived [29]

2
A:gc-{\/r2—32+r— arcsinﬁ} (28)

S r

where s is half the aperture width. Both equations can be used in the absorbance range below
0.1 AU.

As an example the limit of detection for a highly UV absorbing compound in a capillary
with an inner diameter of 75 um filled with BGE is calculated. For a molar absorptivity of
10000 I mol*tcm, a concentration of 106 mol I'* and a width of the slit which is the same as
the capillary diameter (s=r=37.5 um), the absorbance is calculated as 5.9 10> AU (egn. 27) or
5.0 10° AU (eqn. 28). When a noise level of 1 10> AU is assumed (peak-to-peak) then the
detection limit is 120 nmol/I for this particular compound. The detection limit is here defined
as the concentration that gives a signal equal to 3 times the standard deviation of the noise
(onoise ~ 0.2 X peak-to-peak noise). Favourable conditions are used in this calculation, for most
compounds the absorbance detection limits in CE are higher.

In CE absorbance detectors the light is directed on the capillary by means of a slit or a
focusing lens. In practice the width of the slit between the light source and the capillary is kept
approximately similar to the capillary inner diameter. When a larger aperture width is used, the
light that reaches the photomultiplier without striking the liquid only contributes to the noise.
When a smaller aperture width is used the number of photons that reach the photomultiplier
decreases. This results in a relative increase of the shot noise. Bruin [29] compared various
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designs of absorbance detection cells and concluded that using a slit results in a similar sensi-
tivity compared with a absorbance detector using a focusing lens, but the linear dynamic range
was a factor 2 larger in the latter case.

Capillary electrophoresis

Several capillary electrophoretic separation modes can be distinguished [9-18]. Techniques
like capillary zone electrophoresis (CZE), micellar electrokinetic capillary chromatography
(MECC), capillary isotachophoresis (CITP), capillary gel electrophoresis (CGE) and capillary
isoelectric focusing (CIEF) have in common that the separation can be performed using the
same equipment. The different modes are mainly specified by the buffer system that is used.
In practice it is easy to switch between these modes, in most cases only the buffers have to be
changed.

linj ection ¢ detection
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Fig. 11. Schematic representation of a CZE separation. The cationic analyte (1) has the highest
mobility followed by the neutrals (n) and two anionic analytes (2,3).

Capillary zone electrophoresis

CZE is performed in a capillary filled with a continuous buffer i.e. the cathode and anode
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buffer is the same [9]. After injection the electric field is applied and the different analytes
migrate with different velocities in the direction of the detector. The EOF velocity in untreated
fused silica capillaries is higher than the velocity of most ions. As a result anions, cations and
neutrals migrate in the direction of the cathode.

In Fig. 11 the schematic representation of a CZE separation is given. Zone 1 are cations
migrating with the highest velocity. The neutrals (zone n) are migrating with the same velocity,
the velocity of the EOF. Sometimes, at high sensitivity, non-absorbing neutrals are seen as a
small dip in the baseline. The peak width of zone 1 is smaller than 2 and 3. Most factors that
contribute to zone broadening are a function of time. As a result of the short migration times
the zone broadening is less in case of zone 1. Furthermore, the velocity at which the zone
migrates through the detector is higher for zone 1 than for 2 and 3. This also results in a smaller
zone width for zone 1 (see also Fig. 1).

Micellar electrokinetic capillary chromatography

In MECC separations a surfactant at a concentration above its critical micelle concentration
(cmc) is added to the BGE [7, 8, 30, 31]. The surfactant contains a charged group which gives
the micelle an electrophoretic velocity that is close, but oppositely, to the velocity of the EOF.
As a result the total velocity of the surfactants is low and the micellar phase is moving slowly
as a semi-stationary phase through the capillary.

Neutrals that are carried along with the EOF, are solubilised by the semi-stationary micelles.
As a result the velocity of the neutrals is reduced. Because not all neutrals are solubilised to the
same extent separation takes place. A MECC separation window can be defined. The neutrals
that are completely solubilised are migrating with the velocity of the micelles, neutrals that are
not at all solubilised are migrating with the velocity of the EOF.

This is illustrated in Fig. 12. Cationic analyte (1) is unaffected by the semi-stationary mi-
cellar phase and migrates zone-electrophoretically outside the MECC window. Analyte (3) is
a neutral that is completely solubilised in the micellar phase and migrates with the velocity of
the micellar phase. The dye sudan Il is often used as such a neutral marker. Neutral analyte
(2) is partly solubilised and migrates with a lower velocity than the EOF velocity.

Micelles are dynamic structures with a limited lifetime, which are in equilibrium with the
surfactant monomers in solution. Solubilisation is therefore a dynamic process. The dynamic
equilibrium in electrokinetic capillary chromatography can be influenced by using additives
such as organic modifiers. Organic modifiers may also enhance the solubility of neutrals in the
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BGE.

Sometimes surfactants are added to the BGE to enhance the CZE performance without uti-
lising micellar solubilisation. Cationic surfactants such as hexadecyl-, cetyl- and dodecyltrime-
thylammoniumbromide (resp. HTAB, CTAB and DTAB) adsorb to the capillary wall and
change the C-potential. They can be used to manipulate the EOF. Anionic surfactants such as
sodium dodecylsulphate (SDS) are occasionally applied to prevent adsorption of proteins to
the capillary wall.
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Fig. 12. Schematic representation of a MECC separation.

Enantiomer separations in CZE are based on the same principle as electrokinetic capillary
chromatography [31-33]. The enantiomers are complexating with a chiral selector which is
added to the BGE. When the equilibrium constant of this dynamic process is different for the
enantiomers separation takes place. In most applications cyclodextrines are used as chiral se-
lector.

Capillary isotachophoresis

In CITP a discontinuous buffer is used and only anions or cations are analysed in one run
[3, 19, 34]. In most cases modified capillaries are used without EOF. In anionic separations the
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capillary and the anode vial is filled with leading buffer. The leading buffer contains anions
with a mobility higher than the mobility of the analyte ions. The cathode vial is filled with
terminating ions which have the lowest mobility. The pH is set with the buffering counterions.
In the steady state, when the analytes are separated, they migrate as consecutive zones ordered
by their electrophoretic mobilities (Fig. 13).
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Fig. 13. Schematic representation of a CITP separation using conductometric detection. The
separated anions migrate in consecutive zones. The analyte zone length is correlated with con-
centration and is used in quantitative analysis. The EOF is suppressed and anions move to the
anode.

Characteristic for CITP is its concentration regulating property. The concentrations of ana-
Iyte ions are adapted to the concentration of the leading ions according to the Kohlrausch reg-
ulation function. The adjusted isotachophoretic concentration is given by

— m; m +mg 2z, _
C = i L R ._L.CL (29)
m; +Mmg m_ Z;

where T, is the adjusted analytical concentration of analyte i, T, is the leading ion concentra-
tion, z is the charge on the ion and m is the ionic mobility. In egn. (29) the absolute values of
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z and m are used. For any combination of weak and strong electrolytes (R, i and L) the ionic
mobilities are used.

The concentration is proportional to the leading buffer concentration (eqn. 29), i.e. the con-
centration in the analyte zone in independent from the concentration in the sample. For quan-
titation the zone length is used. Often the differential of the signal as shown in Fig. 13 is used
which makes it easier to mark different zones.

In most CITP equipment as developed by Everaerts et al. polytetrafluoroethylene (PTFE)
capillaries with inner diameters ranging from 200-500 um were used. PTFE is not UV trans-
parent and thus not suitable for on-capillary absorbance detection. Therefore, the capillary is
connected to a quartz detection cell or conductometric detection is applied. A typical ITP elec-
tropherogram is shown in Fig. 13. The leading buffer with the highest mobility has the highest
conductivity (eqn. 9). Isotachophoresis has been used in many applications such as analysis of
drugs in plasma, inorganic ions, nucleotides etc. The technique has never been utilised to the
same extent as CZE nowadays. Recently, the technique has gained a lot of interest as concen-
trating pretreatment for CZE. On-line combination of CITP with CZE enables highly efficient
separations at low analyte concentration levels [27, Chapter 2 and 3].

Capillary gel electrophoresis

Another application area of CE separations is found in the field of biopolymer analysis [35-
38] (Fig. 14). Electrophoretic separations are already for many decades an important tool in
biochemistry. Proteins are analysed on polyacrylamide gels on a routine basis. DNA fragments
are analysed on large slab gels. Large biopolymers of a similar structure such as DNA frag-
ments usually have approximately the same electrophoretic mobility.

In free zone electrophoresis mixtures of these biomolecules are difficult to separate. How-
ever, in gel electrophoresis the separation is mainly based on differences in size. Small mole-
cules are moving freely while large molecules are hindered by the gel network which functions
as a molecular sieve. In polyacrylamide filled capillaries the size of the pores can be manipu-
lated by varying the percentage of monomers in the gel. Resolution in CGE is similar as in slab
gels however, the migration times are shorter (factor 2-4). Furthermore, gel-filled capillaries
can be used repeatedly in contrast to slab gels.
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Fig. 14. Schematic representation of a CGE separation. The capillary is filled with a gel and
separation is mainly based on differences in molecular mass (M). In CGE the EOF is sup-
pressed.

A great deal of work has been done on the development of a method for production of re-
producible and stable gel-filled capillaries, which appears to be difficult. During polymerisa-
tion of acrylamide gas bubbles may appear that make a gel unusable. After several runs bubbles
may appear at the in- and outlet which can only be removed by cutting off a piece of the capil-
lary. A gel-filled capillary can not be flushed, changing buffer solutions can only be done by
electromigration. In practice this means that the lifetime of gel-filled capillaries is limited to
several days.

An alternative is the use of soluble polymers which are added to the BGE. A dynamic mo-
lecular sieve is formed by entanglement of these linear non-cross-linked polymers. These pol-
ymers can be used in untreated fused silica capillaries with similar results as the gel-filled ca-
pillaries. The molecular sieving effect can be manipulated by the polymer concentration.

Capillary isoelectric focusing

In CIEF separations are based on differences in isoelectric point (pl) of biomacromolecules
[39-41] (Fig. 15). Ampholytes which individual isoelectric points cover the desired pH range
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are used to generate a stable pH gradient in the capillary. The analytes are added to this am-
pholyte mixture and loaded on the capillary. The anode vial contains the acidic buffer and the
cathode vial the alkaline buffer. When the analysis is started the ampholytes migrate to the
position where the pH is the same as there pl. At that point they will remain thus stabilising the
pH gradient. At the same time the biomacromolecules migrate to the position where the pH
equals their pl.

To enable the formation of a stable pH gradient the EOF is reduced or eliminated. After the
focusing step the liquid in the capillary is mobilised and detection takes place. Mobilisation is
done either by pressure or by the addition of salts in one of the vials which results in an EOF.
The high loadability and the concentrating properties of the CIEF make the technique suitable
for the analysis of low concentrations of proteins.
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Fig. 15. Schematic representation of a CIEF separation. In the focusing step the pH gradient
is formed and the separation takes place based on pl. In the second step the bulk is mobilised
and detection takes place. The EOF is usually suppressed during the focusing step.
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Applications of CZE in bioanalysis

One way of demonstrating the potential of an analytical method is considering its applica-
tions. Therefore, in this paragraph 16 applications are evaluated with regard to method and
validation. A selection from literature based on papers concerning drug analysis in complex
matrices using CZE or MECC is made (Table I). Papers without assay validation are not in-
cluded. Most papers have been found in Journal of Chromatography and deal with the analysis
of plasma or serum samples. Although the overview is certainly not complete, it gives an im-
pression of the current applicability of CZE and MECC. With respect to method a difference
can be made between those applications dealing with trace analysis (< 1 umol/l) and those
concerning higher determination limits.

Table I. Some selected applications of CZE or MECC in drug analysis in complex matrix.

nr [analyte matrix ref.
1 retinol blood, serum 42
2 cytosine-B-D-arabinoside plasma 43
3 glyphosate, aminomethyl-phosphonic acid serum 44
4 warfarin plasma 45
5 aspoxicillin plasma 46
6 bilirubin plasma 47
7 caffeine, theophylline, theobromine, uric acid, xanthine, paraxanthine | plasma 48
8 primidone, phenobarbital, phenythoin, carbamazepine plasma 49
9 fosfomycin serum 50
10 | bupivacaine, fluoxetine, verapamil, carvedilol, pindolol serum 51
11 | hippuric acid, p-hydroxyhippuric acid, uric acid serum 52
12 | doxorubicin, epirubicin, daunorubicin plasma 53
13 | cicletanine plasma (urine) 54
14 | methotrexate, 7-hydroxymethotrexate serum 55
15 | desipramine, nortriptyline, doxepin, imipramine, amitriptilyne plasma 56
16 | cicletanine plasma 57

In assays concerning the higher determination limits (Table Il, case 1-11), the sample pre-
treatment varies from solid phase isolation (SPI) or liquid-liquid extraction (LLE) to no pre-
treatment at all. If the plasma sample is injected without a desalting sample pretreatment step
precautions are taken to prevent overloading of the capillary with matrix ions. The sample is
diluted before injection (case 6, 11) or the buffer concentration of the background electrolyte
is increased (case 9). To prevent adsorption of the plasma proteins to the capillary wall a sur-
factant is added to the BGE (case 5, 6).
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In trace analysis (Table Il, case 12-16) the method usually includes a pretreatment step
where the analyte is separated from the main matrix constituents before the analytical separa-
tion takes place. A SPI or LLE is followed by an evaporation step resulting in a concentration
of the analyte ions.

Table Il. Overview of methods and separation conditions.

nr | pretreatment BGE L ID |V detection
buffer (mM) | additive (mM) pH | (cm) | um) | (kV)
1 [CTF Phos 50 NaCl 10 78 |60 |50 |24 |LIF
2 |SPE Citrate 40 25 |26 |50 |8 Abs
3 |DPR, DER, LLE, | Bor 100 MeOH 10% 96 (72 |50 |30 |Abs
EV
4 |LLE,EV Phos 100 Me-BCD 8, MeOH 2% 84 |72 |50 [20 |Abs
5 |none Phos/Bor 20 | SDS 50 85 |65 (50 |20 |Abs
6 |[DIL Phos/Bor 20 | SDS 25, MeOH 3% 85 |50 |75 [16 |Abs
7 |LLE,EV Phos 25 SDS 80 80 |72 |50 [21 |Abs
8 |[LLE,EV Phos 25 SDS 50 80 |72 |50 [30 |Abs
9 |DPR,EV,FLT |Bor200 phenylphosphonicacid 10 82 |[57 |75 |30 |I-Abs
10 |LLE, EV Tris-Phos 18 | dMe-pCD 10, HTAB 0.03,(29 (64 |50 |24 |Abs
MHEC 0.1%

11 |FLT,DIL BAla/Ac10 | MES/His 10, MHEC0.05% (6.8 |15 (200 (10 |Abs
12 |LLE Phos 100 ACN 70% 30 |70 |75 [25 |LIF
13 | LLE, EV Bor 100 SDS 100, yCD 25, ACN 10% |86 |57 |75 |15 |Abs
14 | SPE,EV,DER |Mes5 Na2SO04 16, MeOH 30% 6.7 |100 |75 |25 |[LIF
15 |LLE, EV Phos 37.5 DTAB 25, urea 2000 80 (71 |50 |25 |Abs
16 |LLE EV Bor 100 SDS 25, ACN 10% 86 [57 |75 |20 |Abs

Abbreviations: none: no pretreatment, CTF: centrifugation, DPR: deproteination, DER: deri-
vatisation, EV: evaporation, DIL: dilution, FLT: filtration, Phos: phosphate buffer, Bor: bo-
rate buffer, Ac: acetate, MES: 2-(N-morpholino)ethanesulphonic acid, MHEC: methylhy-
droxyethylcellulose, SDS: sodium dodecylsulphate, ACN: acetonitrile, MeOH: methanol,
(d)Me-pCD: (di)methyl-s-cyclodextrine, »CD: ycyclodextrine, Abs: absorbance detection, I-
Abs: indirect absorbance detection. For references, see Table I.

Detection limits are improved by reconstituting the analyte in a buffer with a lower conduc-
tivity than the BGE or in water. The injection is then performed under stacking conditions (case
2, 7-10, 12, 13, 15, 16). Another possibility of improving determination limits is using a sensi-
tive detection system such as LIF (case 1, 12, 14). However, because of the limited number of
different detection systems that are commercially available and capable of trace analysis, most
applications are based on absorbance detection.
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In most cases (Table 11) the BGE consists of a phosphate buffer. An advantage is its wide
buffering pH range. With respect to heat development during the analysis low conductivity
buffers such as MES, TRIS and -Ala are an alternative. In several applications (case 3, 4, 6,
12, 13, 14, 16) organic modifiers are used. Organic modifiers decrease the current and heat
development in the separation system, they may improve the resolution and may prevent ana-
lyte adsorption to the capillary wall. The addition of polymers such as MHEC is usually applied
to reduce the EOF (case 10, 11). The cellulose polymers adsorb to the capillary wall and in-
crease the local viscosity which may result in an almost complete suppression of the EOF. In
membrane-closed capillaries (case 11) this is necessary to prevent zone broadening because of
electroosmotically induced convection. In case 15 an improved resolution is reported after ad-
dition of 2 mol/l urea. Urea increases the solubility of the tricyclic compounds in BGE and
affects the partitioning in the DTAB micelles. This resulted in an improved resolution without
increasing the MECC migration time. In some cases (case 1 and 14) salts are added to the buffer
to improve the separation performance. Unless there is a specific interaction of the added ions
with the analyte or the capillary wall, increasing the buffer concentration may have the same
result.

A characteristic of CZE is the ease of switching from one BGE to another. By simply adding
a surfactant to the BGE above its cmc, the CZE system is converted into a MECC system (case
5-8, 15, 16). Addition of a chiral selector such as a cyclodextrine to the BGE may enable en-
antiomer separations (case 4, 10, 13). Switching buffers usually requires only a few minutes
equilibration by flushing the capillary with the new BGE. An exception is the addition of cel-
lulose polymers where the equilibration takes place overnight. In several applications a com-
bination of additives is used. Micellar separations may be improved by addition of organic
modifiers (case 6, 16). Chiral separations are performed in combination with organic modifiers
(case 4) or surfactants (case 10) or both (case 13). Surfactants and organic modifiers may in-
teract with the cyclodextrin-analyte equilibrium, organic modifiers may interact with the mi-
cellar solubility of the analytes. Optimisation of an enantiomer separation usually includes a
study of the effect of additives on resolution and efficiency.

The pH is an important parameter in the optimisation procedure. It does not only affect the
charge on the analyte and buffer ions in case of weak acids or bases, but also the EOF velocity.
In some cases it also influences the detectability. When closely related analytes are to be sep-
arated it can be shown that the best resolution is obtained at a pH close to the pKa.

The capillary diameter is in all considered cases 75 or 50 um, with exception of case 11.
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With respect to loadability and optical path length, large diameters are favourable. However,
the thermal variance increases with the r* resulting in a decrease of efficiency and peak height.
The capillary length is in all cases smaller than 1 meter, longer capillaries result in most cases
in unacceptable migration times. The minimum length is determined by hardware restrictions,
in most commercially available CZE systems a minimum capillary length of 25-50 cm is ap-
plied.

Table Il1. Overview of the assay validation parameters. Most applications (1-11) are in the
micromolar range. Highest sensitivities have been obtained with LIF detection (1, 12, 14).
Abbreviations: IS = use of internal standard, t (min) = run time, range = concentration

range investigated, t RSD (%) = relative standard deviation in migration time.

nr IS t range LOD tRSD |in- im-pre-
accuracy | cesion
(min) (umol/l) (umol/l) (%) (%) (%)

1 yes 5 140 830 0.014 - - 75
2 no 5 1 - 10 0.5 4 7 12

3 no 15 25 - 500 0.5 2 - 55
4 yes 12 3 - 10 0.65 0.3 - 5
5 yes 20 50 - 600 2.6 1 - 4

6 no 20 6 - 160 6 0.4 - 35
7 no 12 27 - 330 15 1 - 5
8 yes 17 25 - 200 - 0.5 - 2
9 yes 10 55 - 550 33 2 - 1

10 yes 15 06 - 13.2 - - - 15
11 no 8 125 - 125 - 0.9 - 6

(nmol/l) (nmol/l)

12 yes 9 06 - 600 0.4 0.5 2 4.5

13 yes 15 40 - 2000 40 - 1.6 75
14 no 20 5 - 10000 05 - - 10
15 yes 15 200 - 1000 20 2 - 7

16 yes 12 80 - 4000 80 - 15 9.5

The validation of the considered applications is given in Table I1l. The reproducibility in
migration times varies from 0.3 to 4%. The values given in Table I11 are the maximum standard
deviations that were reported. In our experience a standard deviation in migration time of 1-
2% in a manually operated system and of less than 1% in an automated system is usually ob-
tained. Causes of irreproducibility in migration times are irreproducibility in switching on the
voltage (ramping from zero to running voltage), the manual start of the run timer in case of
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non-automated systems, evaporation of organic modifier or buffer, or differences in sample
conductivity. Other possible causes of especially inter-day variability are changes in the capil-
lary condition, temperature, BGE composition or buffer pH.

The imprecision is determined by the standard deviation in peak height, in peak area or, if
used, in the peak height or area ratios with the internal standard. Mean values of the reported
imprecision over the total concentration range are used in Table Ill. In some cases a large im-
precision was reported at a concentration near the detection limit. These values were not in-
cluded. The imprecision varies strongly from 1-12%. In our experience the use of an internal
standard reduces the imprecision with a factor 2-3. This is confirmed by case 9 where a factor
2 improvement is reported. Other factors such as the concentration range, the pretreatment and
the complexity of the total method also play a role.

The inaccuracy is characterised as the difference between the real and measured concentra-
tion devided by the real concentration of a calibration standard. The mean value of the inaccu-
racy is in most cases, if reported, smaller than 3%. Some authors report the standard deviation
in the recovery as inaccuracy. These data are not used in Table I11.

The migration times vary from 5 to 20 minutes. The washing step between runs that is
needed in some cases is not included. When the migration time was not mentioned the run time
from a published electropherogram was used. The limit of determination (LOD, concentration
detection limit in matrix) is given as reported by the author. This may be the concentration
analyte that results in a signal that is 2, 3, 5 or 10 times the noise. None of the authors describes
how the noise is defined (i.e. RMS noise, standard deviation of the noise or peak-to-peak noise).
Comparison of sensitivities is therefore not relevant under these circumstances. Together with
the concentration range the LOD gives a rough impression of the sensitivity of the method.

In some cases (1, 11, 16) a comparison was made with HPLC by linear regression of the
obtained data by both methods. In all three cases the slope was not significantly differing from
unity and the intercept was not significantly differing from zero. A comparison of a CZE and
an EMIT method (enzyme multiplied immunoassay technique) for methotrexate (case 14) re-
sulted in 50% lower concentrations determined by CZE. Cross reactivity of metabolites in the
EMIT method is given as a possible explanation for these findings.
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Conclusions

Capillary electrophoretic separations are widely applied in analytical procedures. The tech-
nique is capable of highly efficient separations which has been demonstrated for standard mix-
tures of carbohydrates, amino acids, catecholamines, polymers, proteins, peptides, DNA and
RNA fragments, inorganic ions etc. Micellar systems have widened the applicability from sep-
arations of anions and cations to neutrals. Gel-filled capillaries and the use of entangled poly-
mers in the BGE enabled high resolution separations of (bio-)polymers based upon differences
in molecular mass. CIEF is suitable for separations of proteins with different isoelectric points.
CITP is a powerful separation technique that has been used in many analytical methods. Re-
cently, the technique has gained a lot of interest as concentrating pretreatment for CZE. The
commercial availability of several automated systems makes CE in principle suitable for rou-
tine analysis. Especially in quality control such as determination of drugs in pharmaceutical
preparations, CZE is already applied on a routine basis.

The limited loadability, the small optical path length and the resulting lack of sensitivity
form one of the problem areas of the technique. Most applications of CE methods in bioanalysis
concern the micromolar concentration range. The commercial availability of sensitive detec-
tion systems is limited. In most cases absorbance detection is used. Also the availability of
complete analytical methods for determinations in complex matrix, including derivatisation
procedures for LIF or ECD that are compatible with the small sample volumes in CE, are lim-
ited. A detector with zeptomol (zepto = 10-%!) sensitivity for derivatized amino acid standards
can only be applied if a derivatisation procedure is available for the corresponding sample con-
centration levels.

Applications of CE in complex matrix that are using a concentrating sample pretreatment
method or a derivatisation procedure are all based on off-line methods. For routine applications
automated pretreatment procedures are required that can be combined on-line with CZE equip-
ment. It is peculiar that although several automated pretreatment systems are available for
HPLC, to our knowledge none of these systems has been utilised in combination with CE.
Combining automated pretreatment and derivatisation methods with sensitive detection sys-
tems will make the potential of capillary electrophoretic separation methods available for trace
analysis.
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Table IV. lonic mobilities m (10° m?V-1s?) of frequently used electrolytes. The mobilities are
given at zero ionic strength (I in mmol/l) in water, at a temperature of 298 K [19] or not
specified [3, 20] (ambient) unless otherwise specified.

ion m pKa | | ref. ion m pKa I | ref.
ACES -31.3 6.8 |5 20 BES -24.0 72 |6 20
acetate -42.4 4.8 19 bromide -78.4 3
acetylsalicylate -26.7 35 |10 |20 cacodylate -29.9 6.2 20
a-alanine -32.2 9.9 20 carbonate(1-) -46.1 6.4 19
B-alanine 36.7 3.6 19 carbonate(2-) -71.8 10.3 19
B-alanine -30.8 | 102 20 chlorate -66.6 20
g-aminocaproate 29.8 4.4 20 chloride -79.1 19
ammediol 205 8.8 19 chloroacetate -41.9 2.9 20
ammonium 76.1 9.2 19 chromate(l-) -59.3 0.7 20
aniline 38.7 47 20 chromate(2-) -81.1 6.5 20
arginine 26.9 8.9 20 citrate(l1-) -31.0 31 20
asparagine -31.6 9.0 20 citrate(2-) -53.4 4.8 20
aspartate(L-) -30.1 3.9 20 citrate(3-) -70.8 6.4 20
aspartate(2-) 554 | 100 20 creatinine 36.8 4.8 20
benzoate -32.9 4.2 20 cyanide -78.0 95 3
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ion m pKa | | ref. ion m pKa I | ref.
diethanolamine 30.6 89 |10 |20 MOPSO -23.8 6.8 |6 |20
ethanolamine 44.3 9.5 20 oxalate(1-) -44.9 1.3 20
formate -56.6 3.8 19 oxalate(2-) -74.6 4.3 20
fumarate(1-) -35.1 3.0 20 perchlorate -70.0 20
fumarate(2-) -60.5 4.4 20 phosphate(1-) -35.1 2.1 19
glucuronate -26.6 3.5 20 phosphate(2-) -61.5 7.5 19
glutamate (1+) 28.7 2.2 20 phosphate(3-) -71.5 12.4 19
glutamate (1-) -28.7 4.3 20 pimelate(1-) -27.6 4.5 20
glutamate(2-) -54.3 10.0 20 pimelate(2-) -48.4 5.3 20
glutamine -28.8 9.2 20 potassium 76.2 19
glycine -37.4 9.8 20 proline -25.4 10.6 20
glycylglycine -31.5 8.4 20 propionate -36.9 4.8 20
HEPES -21.8 75 |5 |20 pyridinium 51.1 5.1 20
HEPPSO -22.0 75 |5 |20 pyruvate -42.3 2.5 20
hippurate(1-) -25.9 2.5 20 salicylate -35.3 2.9 20
hippurate(2-) -55.3 7.3 20 serine -33.6 9.3 20
histidine 29.6 6.0 20 sodium 51.9 19
histidine -28.3 9.3 20 sorbate -27.3 48 |10 |20
hydrogen 362.5 19 succinate(1-) -35.2 4.2 20
hydroxide -205.5 19 succinate(2-) -57.5 5.6 20
imidazole 52.0 7.2 20 sulfate(1-) -52.0 19
isoleucine -26.7 9.8 20 sulfate(2-) -82.9 1.9 19
leucine -26.4 9.7 20 TAPS -25.0 8.3 20
lithium 38.7 3 TES -22.4 7.4 20
lysine 26.4 9.1 20 threonine -30.9 9.2 20
lysine -26.4 10.8 20 trichloroacetate -36.2 0.6 20
malate(1-) -34.9 3.5 20 triethanolamine 30.0 7.8 20
malate(2-) -58.5 5.1 20 triethyl-
maleate(1-) -42.5 1.9 20 ammonium 33.8 10.7 20
maleate(2-) -62.0 6.2 20 TRIS 29.5 8.1 20
malonate(1-) -42.4 2.8 20 tryptophane -25.4 9.6 20
malonate(2-) -65.4 5.7 20 tyrosine(1-) -20.0 9.0 20
MES(1-) -26.8 6.1 20 tyrosine(2-) -40.0 10.2 20
methionine -29.3 9.3 20 valine -28.4 9.7 20
4-methyl-pyri-
dinium 42.8 6.1 20
MOPS -24.4 72 |16 |20
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Bioanalysis of some Anthracyclines in Human Plasma by Capil-
lary Zone Electrophoresis with Laser-induced Fluorescence Detec-
tion

Abstract

A rapid method for the determination of daunorubicin, doxorubicin and epirubicin in human
plasma is described. Samples are pretreated and concentrated by a liquid-liquid extraction with
chloroform and a back extraction into phosphoric acid, respectively. This pretreatment results
in a sample matrix of low ionic strength in comparison with the electrophoresis buffer enabling
a 20 - 30 fold increase of the injected amount by zone sharpening when electrokinetic injection
is applied. Analyte interaction with the capillary wall is prevented by using high acetonitrile
contents in the electrophoresis buffer, which results in reproducible migration times and highly
efficient separations. Laser-induced fluorescence detection provides an extremely sensitive and
selective method without detectable biological interferences. The limit of quantification of
daunorubicin, epirubicin and doxorubicin in plasma ranges from 125 - 250 pg/ml.

Introduction

The drug doxorubicin (DOX) and its epimer epirubicin (EPI) are two of the most frequently
used anthracycline antibiotics in the treatment of a wide variety of cancers. Because of the
serious side effects of chemotherapy, there is a continuous search for analogues with better
therapeutic characteristics. As a result numerous analytical procedures have been developed
for anthracyclines and several reviews have been published. The analytical aspects of cytostatic
drug analysis have recently been reviewed [1]. High-performance liquid chromatography
(HPLC) is frequently used for the quantitative analysis of anthracyclines and, especially in
combination with fluorescence detection, low detection limits can be achieved. Under acidic
conditions the anthracyclines show native fluorescence [1-3].

Capillary zone electrophoresis (CZE) is a separation technique that is characterised by its
extremely high efficiencies and short analysis times [4,5], recently reviewed by Kuhr [6]. How-
ever, although plate numbers of more than one million have been reported these efficiencies
are not always obtained in bioanalytical applications. A biological matrix, especially plasma,
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contains high concentrations of interfering compounds such as proteins and salts. Therefore, a
sample pretreatment resulting in a matrix that is compatible with the CZE buffer (i.e. depro-
teinated, same ionic strength) is of extreme importance for reproducible analysis.

The injection volumes in CZE are in the order of 0.1 - 10 nl. This implicates that only a few
microlitres of sample have to be pretreated of which only a fraction will be analysed. In this
assay the sample volume to be pretreated is only limited by the amount of analyte that can be
handled without decrease of reproducibility and sensitivity due to aspecific adsorption onto the
surface of sample vials and other laboratory materials.

As a consequence of the small optical path length of narrow bore capillaries the concentra-
tion detection limits in CZE are relatively high. Highly sensitive detectors such as systems
based on laser-induced fluorescence (LIF) are mandatory and several publications appeared in
literature showing very low detection limits [7].

Literature on the application of CZE in the bioanalysis of drugs in plasma samples is limited
demonstrating the difficulties of working with biological matrices. Roach et al. [8] presented a
method for the bioanalysis of methotrexate in plasma using solid phase isolation, followed by
a concentration step before CZE analysis. Nishi et al. [9] described the analysis of aspoxicillin
in plasma with direct sample injection using micellar electrokinetic capillary chromatography
(MECC). Sodium dodecylsulphate (SDS) in the electrophoresis buffer complexates with the
plasma proteins and prevents protein adsorption onto the capillary wall.

In this Chapter a bioanalysis of some anthracyclines is described using CZE in combination
with LIF. For the optimisation of the CZE analysis a test mixture of DOX and EPI is used,
which are stereoisomers only differing in that the hydroxyl group at C-4’ of the daunosamine
is inverted. For calibration plots of both drugs daunorubicin (DAU) is used as internal standard,
which differs from DOX in that an extra hydroxyl group is present on the adriamycinone [1,3].
The applicability of the method is demonstrated with the analysis of samples from cancer pa-
tients treated with EPI.

Experimental

Equipment

CZE was carried out in a 700 x 0.075 mm ID fused silica capillary (SGE, Ringwood, Vic-
toria, Australia) using an electrophoresis buffer composed of acetonitrile (ACN) in 100 mM,
pH 4.2 sodium phosphate buffer (PB) (7:3, v/v). The voltage (20 - 25 kV) was supplied by a
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model RR100-1.5P power supply (Gamma High Voltage Research, Mt. Vernon, NY, USA)
operating in the constant current mode at 35 pA. The current was measured in series between
the cathode and earth using a micro-amperometer (#134312, Goerz, Vienna, Switzerland).
Samples were electrokinetically injected applying 12 kV for 5 s.

On-capillary LIF detection took place at 650 mm from the anodic end, using a water-cooled
argon-ion laser (2025-03, Spectra-Physics Inc., Mt. View, CA, USA) lasing at a wavelength of
476.5 nm at 80 mW for excitation. For comparison of detection limits an air-cooled argon-ion
laser (#162D07, Spectra-Physics Inc.) operating at 5 mW at a wavelength of 488 nm has been
used.

The laser beam was focused on the capillary from which the polyimide coating over a length
of several mm was removed. Fluorescence light was transported to the photomultiplier tube
(PMT) through a liquid light guide (1000 x 5.0 mm ID, #77556 Oriel, Stratford, C.T., USA)
equipped with a plano convex fused silica lens (D 11 mm, focal length 19 mm, Model 41210)
at each end. The fluorescence light was directed onto a 595 nm band pass interference filter
(20 nm bandwidth, type 53920 Oriel). The PMT (model RFIB235F, Thorn EMI, Ruislip, Mid-
dlesex, UK) was operated at 800 V (power supply model PM28B, Thorn EMI).

The signal was amplified by a current amplifier (model 427, Keithley Instruments Inc.,
Cleveland, Ohio, USA) and digitised using a custom-made 12-bit A/D converter operating at a
frequency of 20 Hz. The A/D converter was connected to a computer (Atari Mega ST4, Atari
Corp., Sunnyvale, CA, USA) which controlled the operating voltage, the injection voltage and
injection time, the sampling frequency of the converter and the data handling.

Chemicals

Doxorubicin (Adriblastina) and epirubicin (Farmorubicine) were both available as 1 mg/ml
chlorohydrate solutions containing 5 mg/ml lactose and were purchased from Farmitalia, Carlo
Erba S.A., Belgium. Daunorubicin (Cerubidine) was purchased from Rhone-Poulenc (France).
Chloroform (J.T. Baker, Deventer, The Netherlands) and phosphoric acid 85% (Merck, Darm-
stadt, FRG) were of analytical grade. Acetonitrile (Rathburn, Walkerburn, Scotland) was
HPLC grade and degassed and sucked through a 0.2 um membrane filter (type SM 11606,
Sartorius, Breukelen, The Netherlands) after mixing with 100 mM sodium dihydrogenphos-
phate (Merck, Darmstadt, FRG) buffer. Throughout all experiments demineralised water was
used.
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Calibration curves and extraction

Plasma samples were spiked with EPI and DOX at a concentration range of 0.3 - 300 ng/ml
by adding 100 ul EPI and DOX (in PB 10 mM pH 4.2 containing 10% ACN) to 900 pl plasma
in 10 ml polyethylene vials. A final DAU concentration of 100 ng/ml was used as internal
standard (IS) for analysis of patient samples. For assay validation 5 ng/ml DAU was used. A
1-ml volume of spiked plasma was extracted by adding 2 ml of chloroform, vortex mixing for
1 min and centrifuging for 10 min at 1000 g. A volume of 1.6 ml of the lower organic layer
was removed, extracted with 100 ul of 5 mM phosphoric acid at pH 2.3, vortex mixed and
centrifuged in the same way. A 50-ul volume of the upper layer was removed and used for
CZE analysis after addition of 150 ul of ACN, resulting in a final ACN concentration of 75%.
Patient samples were treated the same way except that, instead of adding EPI1 or DOX, 100 pul
of DAU (1.0 pug/ml) was added to 900 pl of serum as IS.

Results and discussion

Development of the CZE system

In preliminary experiments with a phosphate buffer DAU, DOX and EPI are not separated.
Such conditions resulted in a poor performance due to interactions with the capillary wall (Fig.
1a). By modifying the electrophoresis buffer with 70% ACN the interaction of analyte with the
capillary wall decreased and the peak shape and the resolution of DAU, DOX and EPI im-
proved dramatically (Fig. 1b).

The field strength is optimised to 33 kV/m. Higher field strengths resulted in loss of effi-
ciency and resolution because of the increased heat generation in the capillary. Early reports
on CZE described a linear relationship between the efficiency an the applied voltage when
diffusion is the major contribution to peak broadening [5]. However, when capillaries with
diameters above 50 um are used the Joule heat becomes an important source of peak broaden-
ing and an optimum in the applied voltage exists with respect to efficiency [10].

In the present assay relative peak heights and areas are calculated using an internal standard
for quantification, implying that it is not necessary to know the exact sample volume injected.
This also implicates that, assuming that the total electrophoretic mobilities do not change dur-
ing analyses, it is not necessary to make corrections for the discrimination of analytes which is
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in principle the case when electrokinetic injection applied [11]. However, for optimisation pur-
poses it is interesting to have some insight in the injection volume. In terms of detectability
high injection volumes are favourable but the efficiency decreases as a result of the broader
zones (Fig. 2).
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Fig. 1. Effect of the addition of acetonitrile to the electrophoresis buffer on the separation of
anthracyclines. (a) CZE analysis of a mixture of 1 xg/ml DAU (1), EPI (2) and DOX (3) in 20
mM PB pH 4.2, using a voltage of 20 kV over a 75 xm x 70 cm capillary (65 cm to detection).
The injection is made electrokinetically at 10 kV for 5 s. (b) The separation of 100 ng/ml
DAU (1), EPI (2) and DOX (3) in 100 mM PB (pH 4.2), diluted 3:7 with ACN. The injection
is made electrokinetically at 12 kV for 5 s, other conditions as in (a).

Some authors describe the maximum loadability of the capillary without considerable loss
of efficiency to be at 1% of the total capillary volume [10]. The injection volume in case of
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electrokinetic injection for a certain compound is determined by both the injection voltage and
the duration of the pulse. Therefore we characterised the injection volume as a block (voltage
X duration). The injection block is increased from 4kV x 4s to 15kV x 7s. Injection blocks
larger than 12kV x 5s resulted in broader peaks, not in a higher fluorescence signal (Fig. 2).

3000 30
relative peak height
relative plate number
peak (N x1000)
height
Zmo -1 - Z(X)
1000 - 100

plate number

0 T T T T T 0
0 20 40 60 80 100 120

injection voltage x time (kV.s)

Fig. 2. Effect of injection volume on the efficiency and the peak height for a 100 ng/ml solu-
tion of DOX in electrophoresis buffer. CZE conditions are the same as in Fig. 1b.

An injection of 12 kV during 5s is chosen corresponding to a plug length of 3.2 mm and a
plug volume of 14 nl being 0.5% of the total volume and resulting in plate numbers of approx-
imately 170000 for DOX. The injection volume and plug length are calculated from the total
electrophoretic mobility of DOX (3.24 10 cm? V-1s1). This calculation is only relevant when
the mobility in the sample matrix is the same as in the electrophoresis buffer i.e. same pH, ionic
strength, viscosity etc. Therefore the optimisation is done with a mixture of 100 ng/ml DOX
and 500 ng/ml EPI in electrophoresis buffer. This also implicates that no zone sharpening took
place.
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Laser induced fluorescence detection

The influence of the laser power of the water-cooled argon-ion laser on the signal and noise
level for DOX is investigated. An optimum appeared in the minimum detectable concentration
(MDC), calculated as the concentration which results in a signal-to-noise ratio of 3, at 100 m\W
(Fig. 3A).

A B
1 MDC
MDC 1200 | 1200 -
MDC
(pg/ml)
. ional
signal ¢4 | sigha ]
(nA) 800
noise ] _ ] signal
(pA) 400 ] noise 400 |
| | noise
0 . ‘ . . 0 . . . . ; . .
0 100 200 300 400 460 480 500 520
power (mW) excitation wavelength (nm)

Fig. 3. Effect of the power (A) at 488 nm and the wavelength (B) at 100 mW of the excitation
laser beam on the fluorescence of a 500 ng/ml DOX solution in electrophoresis buffer and on
the noise level. See text for further conditions.

Due to the photodegradation of DOX the fluorescence signal is not proportional to the laser
power in contrast with the noise resulting in an increased MDC at higher laser powers. Since
the excitation maximum of anthracyclines is between 450 and 520 nm and the laser can supply
several lasing wavelengths between 457 and 515 nm, the MDC at different lasing lines is de-
termined. The fluorescence signal (peak height) of a 500 ng/ml DOX solution in electrophore-
sis buffer after injection at 20 kV for 10 s, and the noise level are measured. The MDC for
DOX is 1.24, 0.75, 1.09 and 1.39 ng/ml for excitation at 457.9, 476.5, 488.0 and 514.5 nm,
respectively. Excitation at 476.5 nm resulted in a higher fluorescence signal and a lower noise
in comparison with the other wavelengths (Fig. 3B).

The DOX is dissolved in electrophoresis buffer which means that no preconcentration by
stacking during injection took place. The injection is done by overloading the capillary in order
to get a maximum and reproducible fluorescence signal. As can be seen in Fig. 2 injection
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blocks larger than 80 kVs give a maximum fluorescence and variations in injection volume do
not affect peak heights, only the peak area.

Experiments with a low-cost air-cooled argon-ion laser operating at 5 mW and 488 nm
showed a MDC for DOX in electrophoresis buffer (i.e. without zone sharpening) of 8 ng/ml.
Although a factor of 9 higher in detection limit, this type of laser should be usable for the
described anthracycline assay, in combination with a concentrating pretreatment.

Sample treatment

DOX and analogues are known to adsorb to glassware and laboratory materials [1] intro-
ducing a source of irreproducibility, especially at low concentrations. Therefore, care is taken
that all anthracycline solutions contained at least 10% ACN. To demonstrate the necessity of
ACN, a dilution is made of 100 ng/ml EPI in 10 mM phosphate buffer pH 4.2 in a 10 ml
polyethylene vial. The fluorescence signal is measured and considered to be 100%. An aliquot
is transferred from the 10 ml vial to a 1.5 ml polyethylene Eppendorf vial and the fluorescence
is immediately measured. The fluorescence signal reduced to 30% and after vortex mixing the
1.5 ml vial for 5 s the signal reduced to 15%. However, when the same experiment is done in
presence of 10% ACN no decrease of fluorescence is observed.

Determination in plasma

In preliminary experiments for the bioanalysis of anthracyclines, a sample pretreatment con-
sisting of a deproteination step of spiked plasma samples by addition of 400 ul ACN to 200 pl
plasma (66% ACN), resulted in a rapid and reproducible method. The deproteinated plasma
samples are directly analysed without further pretreatment and no interferences from the
plasma matrix could be observed. However, because of the diluting sample pretreatment the
detection limit of DOX in plasma is 30 ng/ml, which is not low enough for analysis of plasma
samples from cancer patients. Therefore a concentrating sample pretreatment using liquid-lig-
uid extraction and back extraction is applied.

The MDC of DAU, EPI and DOX in plasma based on a signal-to-noise ratio of 3 is 50, 70
and 35 pg/ml respectively (Fig. 4). The limit of quantification (i.e. the determination limit)
defined as the concentration of analyte in plasma resulting in a signal-to-noise ratio of 10, is
175, 250 and 125 pg/ml, respectively. The noise is defined as 0.2 times the peak-to-peak noise.
The double liquid-liquid extraction which results in a sample matrix with a low ionic strength
(5 mM phosphoric acid/75% ACN) appears to be very advantageous regarding the detection
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limits because of a strong zone sharpening effect during electrokinetic injection. This zone
sharpening results in a 20 - 30 fold increase of peak height. Also the efficiencies of the an-
thracyclines improved to plate numbers ranging from 3-10° to 5-10°.

{ime (min)

Fig. 4. Electropherogram of an extract of blank plasma spiked with 1 ng/ml DAU (1), 500
pg/ml EPI (2) and 500 pg/ml DOX (3). CZE conditions are the same as in Fig. 1b. See text
for sample pretreatment procedure.

The peak concentrating effect is measured for a mixture of DAU, DOX and EPI with a
concentration of 100 ng/ml after dilution. When the dilution is made in electrophoresis buffer
the signals are 20 - 30 times lower compared to a dilution in 5 mM phosphoric acid to which
75% ACN is added. The MDC for DAU, EPI and DOX in electrophoresis buffer without zone
sharpening, amounts to 1.4, 1.5 and 0.9 ng/ml, respectively. The overall improvement in de-
tectability is realised by zone sharpening (factor 20-30). The concentrating pretreatment (factor
8) is counter balanced by the recovery (factor 0.4 - 0.7, see validation below) and a dilution
(factor 0.25) because of addition of 75% ACN to the extraction buffer before CZE analysis.
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An additional advantage of the extraction procedure in combination with the high ACN per-
centage in the electrophoresis buffer is that there is no need for cleaning steps between runs.
The extraction procedure results in a clean and well defined sample matrix, while the high ACN
content prevents interaction of the analytes with the capillary wall. This resulted in a relative
standard deviation in migration times smaller than 0.5% (n=5), which corresponds to a standard
deviation of 2 s at a migration time of approximately 8 min for the three anthracyclines.

Validation

A typical calibration plot of EPI in plasma, used for analysis of patient samples, corre-
sponded to the calculated regression equation Y = (8.66 + 0.08) 103 X + (0.017 + 0.017), (r =
0.99997) where Y is the ratio of the peak areas of EPI to DAU, X is the concentration of EPI
(ng/ml) and r is the correlation coefficient.

Table 1. Validation of the anthracycline assay. Mean values and coefficients of variation are
given for n=4 in all cases, except for inter-day variation where n=3.

Conc. EPI DOX
Mean C.V. Inaccuracy Mean C.V. Inaccuracy
(ng/ml)  (ng/ml) (%) (ng/ml) (%) (ng/ml) (%) (ng/ml) (%)
Inter-day variability
0.5 0.493 1.7 0.007 1.4 0.509 3.5 0.009 1.8
5 5.07 5.4 -0.07 -1.5 4.96 1.9 -0.04 -0.8
10 10.1 2.0 -0.1 -1.3 10.2 2.4 0.2 2.2
Intra-day variability
0.5 0.486 3.0 0.014 2.9 0.501 6.9 0.001 0.2
5 491 1.0 0.09 1.9 4.90 1.9 -0.1 -2.1
10 10.2 3.3 0.2 1.9 10.2 2.0 0.2 2.1

The precision of the assay is measured as the inter-day and the intra-day variability for EPI
and DOX in plasma (n=4) at concentrations of 0.5, 5 and 10 ng/ml. The intra-day precision is
calculated as the coefficient of variation (CV) of the four determinations and varied from 1.0 -
6.9% (Table I). The inter-day precision is calculated as the CV of the mean of the measured
concentrations on three different days (n=3) and varied from 1.7 - 5.4% (Table I). The inaccu-
racy of the assay is determined by calculating the difference between the measured and the real
concentration (Table I).
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The reproducibility of the CZE system only is determined for n=6 injections of a 1 pug/ml
solution of DAU and DOX in electrophoresis buffer. The CV of the peak areas is 7% for DOX
and 8% for DAU while the CV of the peak area ratios is 2.5%.

Table 2. Recoveries of doxorubicin and epirubicin. The mean values of n=4 determinations
are given for each concentration.

Conc. Recovery (mean = C.V.) (%)
(ng/ml) EPI DOX
0.5 55+ 16 50+ 15
5.0 55+8 45+ 8
50.0 70+8 66 £ 8

The recovery is measured for different concentrations of EPI and DOX at 0.5, 5 and 50
ng/ml in plasma (n=4). A correction in the calculation is made for the 20% loss of chloroform
where 1.6 ml of the total 2.0 ml is re-extracted and for the concentration factor of 10 (1 ml
plasma to 100 ul phosphoric acid). This results in a theoretical concentrating factor of 8. Con-
centrating factors of 3.5 - 5.6 corresponding to recoveries of 45 - 70 % with CV’s of 16 - 8%
are measured (Table I1).

The usefulness of the developed method is demonstrated with the analysis of plasma sam-
ples of a cancer patient treated with 50 mg/m? EPI. The CZE analysis of plasma samples shows
a remarkably clean background, which is caused by the combination of the extraction proce-
dure and the selective detection (Fig. 5). There are not many compounds in the biological ma-
trix having native fluorescence in the visible part of the spectrum. Fig. 6 shows the plasma
concentration time course for the same patient.
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time (min)

Fig. 5. Electropherogram of an extract of a plasma sample taken 120 min after administra-
tion from a patient treated intravenously with 50 mg/m? EPI (2) intravenously; 100 ng/ml of
DAU (1) is used as internal standard. The EPI peak corresponds to 27 ng/ml. The small third
peak could not be identified.
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Fig. 6. Plasma concentration time course from the patient samples as described in Fig. 5.

Conclusion

A sensitive and selective assay for the determination of anthracyclines in plasma is pre-
sented. Detection limits in the pg/ml range have been obtained, resulting in an interesting al-
ternative for HPLC methods where analyses may be disturbed by interferences originating from
the biological matrix or where the selectivity and efficiency are not satisfactory.
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1.3

Manipulation of Anions in Capillary Zone Electrophoresis with In-
direct Absorbance Detection

Abstract

In the first part of this Chapter different optimisation procedures are proposed for anionic
systems with and without electroosmotic flow using indirect absorbance detection. Several fac-
tors contribute to zone broadening which are dependent on the configuration of the capillary
zone electrophoresis (CZE) system. Therefore, all sources of zone broadening and the effect
on the relative peak height in indirect detection are considered for several analyte and chromo-
phore mobilities.

In the next part of this Chapter certain exceptional cases are considered where hydrodynamic
manipulation improves the capillary electrophoretic analysis of anions with indirect absorbance
detection. It can be used in cases where high efficiencies are not required such as a rapid screen-
ing of the migration order of anions as used in setting up ITP-CZE methods. Calculated zone
widths are compared with experimental results for several test compounds.

Introduction

In CZE the high electric field strength facilitates highly efficient separations with plate num-
bers of 10° - 10°. In an optimised CZE system longitudinal diffusion is the predominant source
of zone broadening. However, at high field strength the heat development inside the capillary
causes a radial temperature profile which results in thermal dispersion. Therefore, a high field
strength is used in combination with narrow bore capillaries with good heat dissipating prop-
erties. An optimum electric field strength can be found with respect to the plate number [1, 2].

In practice several other factors may contribute to zone broadening in CZE such as adsorp-
tion to the capillary wall, the detection cell dimensions and the injection zone length. At high
analyte concentrations or high sample buffer concentrations the conductivity difference be-
tween the sample zone and the CZE background electrolyte results in electromigration disper-
sion. Studies on these phenomena resulted in some practical rules for highly efficient separa-
tions. The injection zone length should be smaller than 1 % of the total capillary length and the
sample should be dissolved in background electrolyte at a concentration below 1% of the buffer
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concentration [2]. With respect to detection sensitivity it is not always possible to apply low
sample concentrations. Especially in indirect detection systems electromigration dispersion due
to a high analyte concentration may be a problem.

Indirect absorbance detection is based on the displacement of the chromophore by analyte
ions [3]. The concentration of chromophore in the analyte zone is lower than in the background
electrolyte and a negative signal is obtained. In an ideal situation the conductivity of the analyte
zone is the same as the conductivity of the BGE and the homogeneity of the electric field is not
disturbed. However, often poor concentration detection limits are obtained in indirect absorb-
ance detection, reason why often high analyte concentrations are applied. This results in dis-
turbances in the local electric field strength and in electromigration dispersion. Zone broaden-
ing and asymmetric peaks are therefore often characteristic for CZE with indirect detection.
Choosing a chromophore with a mobility similar to that of the analyte ions is one of the possi-
bilities in optimising an indirect detection system. Another option is to keep the analyte con-
centration as low as possible [3-5].

This Chapter deals with two aspects of CZE with indirect detection. First, a generally appli-
cable optimisation is described. All contributions to zone broadening are considered in systems
with and without electroosmotic flow. Optimum peak heights are calculated for several analyte
and chromophore mobilities. Different optimisation procedures are proposed for anionic sys-
tems with or without electroosmotic flow.

The second aspect deals with certain exceptional situations where hydrodynamic manipula-
tion improves the performance in CZE. A hydrodynamic flow is used to reduce the electropho-
retic migration distance and the analysis time. In certain cases of CZE with indirect detection,
where electromigration dispersion often occurs, this results in a decrease of zone broadening.
Anions with an electrophoretic velocity similar to the electroosmotic flow velocity in the op-
posite direction, can be detected without modifications of the capillary or the buffer by the
described method. In our experience, the method is conveniently used in cases where high
efficiencies are not required such as a rapid screening of the migration order of anions as used
in setting up ITP-CZE methods [20, 21, Chapter 3.2].
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Experimental

CZE with indirect detection

Untreated fused silica (100 um ID, SGE, Ringwood, Victoria, Australia) capillary was used.
The diameter was verified by weighing the water filled capillary and was 95 um ID. The ca-
pillary length was 50 cm, the effective length from injection to detection was 25 cm. On-capil-
lary UV absorbance detection took place using a Spectra 100 UV/VIS detector (Spectra-Phys-
ics Inc., Mt. View, CA, USA) at a wavelength of 210 nm. The CZE background electrolyte
consisted of 10 mmol/l benzoic acid set at pH 8.0 with triethanolamine (TEtOHA, pKa 7.76).
The mobility of fully ionised TEtOHA was experimentally verified at pH 5.0 and was 30 10-°
m?V-1s1, The ionic mobility of benzoate is -32.9 10-° m?V-1s1 [6] (pKa 4.2). The electroosmotic
mobility was experimentally determined and was 54.4 10° m?V-sl, The current at 15 kV
amounted to 14 pA, which means that the measured conductivity of the background electrolyte
was 0.066 S/m. All experiments were carried out at room temperature (293 K) without capillary
cooling. Injections were performed manually at a height difference of 5 cm for 5 s which cor-
responds to a 10 nl injection and an injection zone length of 1.4 mm. The signal was registered
on a chart recorder (BD 40, Kipp & Zn, Delft, The Netherlands). All CZE runs were made in
triplicate.

Conditions used for calculations

The conditions used in calculations such as voltage, capillary length and diameter were sim-
ilar to the experimental conditions. In all calculations a molecular diffusion coefficient of 0.5
10°m?s was used.

Chemicals

Triethanolamine (TEtOHA) (97%) and 4-(2-Hydroxyethyl)-1-piperazine ethanesulphonic
acid (HEPES) was from Janssen Chimica (Beerse, Belgium). Acetic acid, benzoic acid and
hydrochloric acid was obtained from Merck (Darmstadt, FRG). In all experiments deionised
water was used (Milli-Q system, Millipore, Bradford, MA, USA).

Theory
Several papers have described zone broadening in CZE in detail [1, 2, 13, 14]. The total
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variance in CZE is given as the sum of all variances

2:Gi2+Gd2+GT2+Gk2+Gh2+602 (1)

O
where o7 is the dispersion resulting from injection [15], o% longitudinal diffusion [16], o?r
dispersion due to Joule heat [11, 12, 17-19], c? electromigration dispersion [1, 3], o? hydro-
dynamic dispersion and %, other sources of zone broadening.

Dispersion from injection and longitudinal diffusion

The contribution of injection to the total variance is given by
c%i = L%/12 2

where L; is the injection zone length. The contribution due to the detection cell is considered
negligible, while the contribution of the longitudinal diffusion [2] is given by

o624 = 2Dt (3)

where D is the molecular diffusion coefficient and t is the CZE analysis time. Equation (3)
implies that reducing the CZE analysis time will reduce the longitudinal diffusion.

In the presence of an electroosmotic flow the total velocity is the sum of the electroosmotic
and the electrophoretic velocity. Instead of migration time, migration distance may be used.
The electrophoretic or electroosmotic migration distance is calculated from the electrophoretic
or electroosmotic velocity and the CZE analysis time using Lei=Veit or Leot=Veott, respectively.

Electromigration dispersion

The zone broadening caused by a difference in conductivity of the sample zone and the
background electrolyte has been described as [1]

4 = 2K L, (4)
K
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where Ak is the conductivity difference, « is the conductivity of the background electrolyte and
Lei is the electrophoretic migration distance. The conductivity of the background electrolyte is
calculated using [1, 4]

k1= FCp, (M, [+ 0ta MR) (5)

where 1 is the conductivity of the background electrolyte, F the Faraday constant, €, , the
analytical concentration of the chromophore, m, the effective mobility of the chromophore,

mr the ionic mobility of the counter ion and aa the molar fraction of chromophore that is in
the ionic form. The subscripts 1 and 2 refer to the pure background electrolyte and the sample
zone, respectively. The subscripts S, A and R refer to the sample ion, the chromophore and the
counter ion, respectively. The conductivity of the sample zone is given by

K2=F [EA,2(|mA|+ oA MR) + Es,2(|ms|+ as MR) | (6)

The concentration of univalent chromophore ions in the sample zone (T, ,) is described by
the equation for displacement electrophoresis [1]

EA,Z = (_:A,l_ Es K (7)
with

ﬁ'(mR + |ms|)

K =
mg (Mg + [myu|)

(8)

The mobilities in (8) are ionic mobilities. The displacement d can be expressed as a percent-
age of the total chromophore concentration in the background electrolyte by using d = 100(¢T, ,

-C, )T, = 100(TK)/ T, .

The relative conductivity difference between the sample zone and the background electro-
Iyte is calculated using [1, 4]
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Ax | T, (Mg + me) (M| - [Ma]) @

K Ca1 |ms| ( |mA| + a,Mg)

where Ax/x is the relative conductivity difference and Cg, is the analytical concentration of

analyte in the sample zone which is assumed to be the same as the injected analyte concentra-
tion. This is an assumption which holds for low sample concentrations. For high sample con-
centrations the concentration in the sample zone is more or less independent of the initial con-
centration and is regulated by the Kohlrausch function [4, 7-9]. However, irrespective of con-
centration, the conclusions will be drawn from a model of electromigration dispersion based
on a given conductivity difference.

All calculations are based on univalent buffer and analyte ions. In equations (5) - (9) the
absolute values of mobilities are used and the effect of [H30*] and [OH"] on conductivity and
electroneutrality is considered negligible.

Equation (9) shows that when the analyte has a concentration much lower than the BGE
concentration (T ,<<C,,), Ax/k becomes zero and the electromigration dispersion is negligi-

ble.

Thermal dispersion

The calculation of thermal zone broadening is done using the equation derived by Hjerten
[10, 1] and later by Grushka et al. [11, 12]

BxLr?E?

10
40, T (10)

4o, =

where 4c7 is the zone width at the baseline, B is a constant (2400 K), « is the conductivity of
the background electrolyte, At is the thermal conductivity of the background electrolyte
(Ar=0.6 W mt K1), r is the capillary radius, E is the electric field strength, T is the working
temperature (293 K) and L is the electrophoretic migration distance. When a neutral is carried
with the electroosmotic flow only, the electrophoretic migration distance is zero which means
that neutrals are not affected by thermal zone broadening as described by egn. (10). For anions,
the thermal dispersion will decrease with the electrophoretic migration distance.
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Hydrodynamic dispersion

Shortening the electrophoretic migration distance of anions thus reduces the longitudinal,
thermal and electromigration dispersion (eqn. 3, 4, 10). This can be done in several ways such
as: by shortening the capillary, by placing the detector closer to the point of injection or by
using a higher electroosmotic flow. All these options result in changes in the hardware or a
change of the capillary length or condition. We considered another option, the application of a
hydrodynamic flow. In case of highly efficient separations the hydrodynamic dispersion will
reduce the separation efficiency considerably. However, in some cases only qualitative infor-
mation is needed such as determination of the migration order of anions as used in setting up
ITP-CZE systems [20, 21]. In such a case it is convenient to switch rapidly between buffers to
obtain qualitative information using indirect detection.

When a hydrodynamic pressure is applied during electrophoresis, the velocities of all spe-
cies will increase. The electroosmotic and electrophoretic migration distances are shortened
and replaced by a hydrodynamic migration distance (Lnd). The hydrodynamic migration dis-
tance is calculated with the hydrodynamic velocity and the CZE analysis time, Lng=tvnd. The
contribution of a hydrodynamic flow to the zone width is described by the well known convec-
tion term in open tubular chromatography

2 _ Ly Vi d°
= —hd "hd = 11
O 9% D (1)

where Lnq is the hydrodynamic migration distance, vid the hydrodynamic velocity, d the capil-
lary diameter and D the molecular diffusion coefficient.

Particularly in the case of anions with a velocity close to the velocity of the electroosmotic
flow, a decrease of analysis time will result in a decrease of the zone width and an increase of
peak height. Obviously, it is not enough to consider only the electromigration dispersion in an
optimisation procedure. Therefore, all contributions to zone broadening are considered.
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Relative peak height in indirect detection

Equation (7) gives the displacement of chromophore ions for any given analyte concentra-
tion irrespective of zone broadening. When the peak area is considered to be constant, the peak
height decreases with an increase of zone width. In indirect detection this means that the chro-
mophore concentration in the analyte zone increases during the run. When the concentration
chromophore calculated by (7) is considered the initial chromophore concentration in the sam-
ple zone ca2(0), the concentration chromophore at time t is obtained by

ca2 (t) = ca2(0) ovoo (12)

where oy is the zone width at the start of the CZE analysis and ot is the zone width after time
t. The chromophore concentration in the analyte zone increases linearly with the zone width.
The initial chromophore concentration and the initial peak width (ca2(0), co) are constants and
the peak height of the indirect signal decreases with the zone width given by

h(t) = Cs K/ot (13)

where Cs is an analyte dependent constant and K the displacement factor (eqn. 8). Equation
(13) can be used in optimisation procedures of the indirect detection system. The change of
peak height is given as a function of the zone width and the displacement (egn. 7). The zone
width is calculated as the zone width at the baseline (4c) using egn. (1) from all contributions
given by equations (2), (3), (4), (10) and (11).

Results and discussion

In Figs. 1-3 the relative peak heights are calculated as described in theory. Conclusions are
drawn for optimisation of indirect detection. A theoretical example is given in Table I. Opti-
misation via shorter electrophoretic migration distances is applied for some test compounds.
The electrophoretic migration distance is shortened by applying a hydrodynamic flow.

In Fig. 1 the analyte effective mobility and ionic mobility is considered the same. In Fig. 2
and 3 for effective mobilities smaller than -30 10° m?V-1s'ta weak electrolyte is assumed. In
that case the ionic mobility is kept constant at -30 10 m?V-1s%, In practice, small anions with
an effective mobility below -30 10-° m?V-1s! are often weak acids.
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Optimisation in indirect detection

In Fig. 1 the relative peak height calculated for several analyte mobilities is plotted. The
analyte and chromophore concentrations are 1.0 and 10 mmol/l, respectively. The displacement
factor K (eqn. 8) is almost constant in the considered range. The total zone width (egn. 1) is
strongly influenced by the analyte mobility. At high mobilities the electromigration dispersion
and the longitudinal diffusion term are the predominant contributions to the total variance. At
low electrophoretic mobilities the electrophoretic migration distance is short and the resulting
electromigration dispersion (eqgn. 5) is small. The analyte is mainly carried with the electroos-
motic flow. When the electrophoretic mobilities of the analyte and the chromophore are equal
the electromigration dispersion is zero (eqn. (9), mg=m,, Ak/k=0). At this point of minimum
electromigration dispersion maximum peak heights will be obtained [3-5].

The relative peak height is calculated using eqn. (13) as the ratio of the displacement and
the total zone width at the baseline (4c). The displacement of chromophore in the analyte zone
(d%) is given as the percentage of the buffer chromophore concentration.

100 A

units

0 T T
-50 -40 -30 -20

ms (10°m* V' s™)

Fig. 1. The calculated zone width (A, 4o in mm), displacement (B, d in %) and relative indi-
rect peak height (C) for several analyte mobilities. Chromophore and counter ion mobility of
benzoic acid and TEtOHA are used for calculation. Other parameters: see Experimental.

In Fig. 2A the calculated relative peak height is shown for several analyte mobilities in a
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system with electroosmotic flow (54.4 10°m?V-s, see Experimental) and for an analyte con-
centration of 1 mmol/l. For chromophore mobility -30 10-° m?V-1s! the best results are obtained
at analyte mobilities at or below the chromophore mobility. For chromophore mobility -60 10-°
m2V-1s there is not such an optimum. An analyte with a mobility close to the chromophore
mobility will have a long migration time and a large longitudinal diffusion resulting in an in-
creased zone width. Such a system is optimised by suppressing the electroosmotic flow or
changing the BGE in a way that lower (anionic) electrophoretic analyte mobilities are obtained.
Optimisation only with respect to similar mobilities of chromophore and analyte is in such a
case not relevant. At low mobilities (-5 10° m?V-1s1) a second optimum appears. At these low
mobilities the electrophoretic migration distance approaches zero (neutrals) and several disper-
sion factors become negligible.

4 4
A B

e 3 3 - 30
_C
=2
2
— 2 %0 2 N\ -60
o

1 -60 1

0 T T T 0 T r

-50 -35 -20 -5 -50 -35 -20 -5
ms (10° m? V' s™ ms (10° m?V's™

Fig. 2. The calculated relative peak height for several analyte mobilities in a system with (A)
and without electroosmotic flow (B). Analyte and chromophore concentration is 1 and 10
mmol/l, respectively. TEtOHA is used as counter ion. Chromophore mobility is -30 or -60
10°°m2V-1sL, For other conditions see Experimental.

In Fig. 2B the situation is shown for a system without electroosmotic flow. In such a case
the migration times and longitudinal diffusion are reduced at high analyte mobilities. For both
considered chromophore mobilities an optimum is found where analyte and chromophore mo-
bilities are equal.

When both cases (with and without electroosmosis) are considered for analyte concentration
0.1 mmol/I the situation is completely different (Fig. 3A and B). Under these circumstances
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the electromigration dispersion is almost negligible. Optimisation is done with respect to lon-
gitudinal diffusion. Best results are obtained at high analyte velocities with short CZE analysis
times.

For systems with electroosmotic flow this means that low analyte mobilities are favourable
(Fig. 3A). For a system without electroosmotic flow high analyte mobilities give the optimum
peak heights (Fig. 3B). In both cases a high mobility of the chromophore results in (slightly)
better peak heights. This is a result of the smaller Ax/x (eqn. 9) and the lower electromigration
dispersion at higher background conductivity. The concentration levels as used in Fig. 3 are at
1% of the BGE concentration. These concentrations are only detectable in an indirect detection
system with a high signal-to-noise ratio.

In all considered cases (Fig. 1-3) the displacement factor K is more or less constant with the
analyte mobility. For indirect detection systems the reduction of the zone broadening will im-
prove the detection sensitivity. In cases where electromigration dispersion is predominantly
contributing to zone broadening best results are obtained when the analyte and chromophore
mobilities are the same (Mg=m , ).

0.6 06
A B
0.5 60 0.5
= 04 " 0441 -e0
2
T 034 03 1 —7%
© 02 0.2
0.1 1 0.1 4
0.0 . r 0.0 T T
-50 -35 -20 -5 -50 -35 -20 -5
m, (10° m*V's™) m, (10° m* V's™)

Fig. 3. The calculated relative peak height for several analyte mobilities in a system with (A)
and without electroosmotic flow (B). Analyte concentration is 0.1 mmol/l. Chromophore mo-
bility is -30 or -60 10-°°m?V-1s1, Other conditions are the same as in Fig. 2.

One exception is the case where the chromophore mobility is almost as high as the mobility
of the electroosmotic flow. In that case it is advisable to use a modified capillary without elec-
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troosmotic flow. Another exception is at low analyte concentrations. Such a system is opti-
mised by realising shorter analysis times.

An example of a calculated optimisation procedure with respect to peak height is given in
Table I. The considered analyte and chromophore concentrations are 0.1 and 10 mmol/I, re-
spectively. Choosing a chromophore with similar absorbance characteristics but with another
mobility (mg=m,) improves the peak height with a factor 2 (case 1 vs. 2). Reducing the mi-

gration distance by using a capillary without electroosmotic flow results in approximately 4
times better peak height (case 1 vs. 3). In this case also the polarity of the voltage is switched
because the analytes migrate in the opposite direction. Choosing both a different chromophore
and a coated capillary gives the best result, a factor 5 (case 1 vs. 4). When the analyte is a weak
acid, the effective mobility can be changed to m=m ,. When all other parameters are assumed

independent of the pH (which is not the case) the peak height increases a factor 3 (case 1 vs.
5).

Table 3. Example of an optimisation procedure with respect to peak height. Case 1: starting

situation. Case 2: alternative chromophore. Case 3: suppressed electroosmotic flow. Case 4:
suppressed electroosmotic flow, alternative chromophore. Case 5: Change analyte mobility

via pH (weak acid). All values are in mm except the mobilities (in 10°m?V-1s) or otherwise

specified. The negative values of migration distance indicate that the direction is opposite to
the direction of the electroosmotic flow. For other conditions see Experimental.

case 1 2 3 4 5
m, -35 -50 -35 -50 -35
mg -48.9 -48.9 -48.9 -48.9 -34.9
t(min) 25.0 25.0 2.84 2.84 7.10
Leof 2451 2451 0 0 696.1
Lel -2201 -2201 250 250 -446.1
4. 1.60 1.60 1.60 1.60 1.60
4oy 4,90 4,90 1.65 1.65 2.61
4ot 3.27 4.02 0.37 0.46 0.66
4oy 7.60 0.48 0.86 0.05 0.01
4Gt 9.75 6.55 2.48 2.35 3.14
d (%) 0.87 1.0 0.87 1.0 0.87
h (rel.) 8.9 15.2 35.1 42.6 27.7

Application of a hydrodynamic flow

In the following paragraphs a situation is considered where hydrodynamic manipulation
improves the performance in CZE with indirect absorbance detection. A hydrodynamic flow is
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used to reduce the electrophoretic migration distance and the analysis time.

A mixture of chloride, acetate and HEPES is used as test compounds. Calculations are made
for acetate and HEPES. Using the equations (5), (6) and (9) the background electrolyte con-
ductivity is calculated at 0.061 S/m. The calculated sample zone conductivity differences (Ax)
are 1.13 102 and 1.13 103 S/m for 10 and 1 mmol/I acetate, respectively (limiting ionic mobil-
ity -42 10° m?V-1s1, measured effective mobility -39.7 10° m?V-1s1) and -3.74 102 and -3.74
103 S/m for 10 and 1 mmol/l HEPES, respectively (limiting ionic mobility -22 10° m?V-1st,
measured effective mobility -16.5 10° m?V-1s!) [6]. Other conditions are given in Experi-
mental.

The measured migration times varied a few percent when analyte concentrations are in-
creased from 1 to 10 mmol/Il, for calculations the CZE analysis times are considered independ-
ent of concentration. Calculation of the CZE analysis times in presence of a hydrodynamic
flow is done using the electrophoretic, electroosmotic and the hydrodynamic velocity. The hy-
drodynamic flow velocity is calculated in mm/s using Poiseuilles law
Vhd = Ah d?/ (32000 n p g L), where Ah, d, n, p, g and L are the height difference between
anode and cathode vial in mm, the capillary inner diameter in mm, the viscosity (n=9.93 10+
kgm-s?), the background electrolyte density (p=1000 kgm-3), the gravitational force (g=9.8
ms?) and the capillary length in mm, respectively.

In Fig. 4a the effect of a hydrodynamic flow on the total peak width at the baseline (4c) is
calculated using eqn. (1). The calculation included zone broadening due to injection, Joule heat,
longitudinal diffusion, electromigration and hydrodynamic dispersion. Parameters used in this
and other calculations are given in Experimental and Table Il. For acetate concentrations above
1 mmol/I the conductivity difference is the major source of zone broadening and a reduction in
zone width is shown when a hydrodynamic flow is applied. The contribution of injection, tem-
perature and molecular diffusion is negligible for concentrations above 5 mmol/l. At higher
flow rates (> 2 mm/s) the total variance approaches the variance caused by the hydrodynamic
flow which is then the major source of zone broadening. However, at lower hydrodynamic
velocities and high sample concentrations (> 1 mmol/l) a considerable decrease of zone width
is calculated. For acetate concentrations below the 0.1 mmol/l the zone broadening only in-
creases with a hydrodynamic flow.

In Fig. 4b the zone width calculated from the sum of all variances, except the hydrodynamic
dispersion, is given as a function of the electrophoretic migration distance (line A-D). As men-
tioned in Theory the zone width decreases with the migration distance.
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Fig. 4a. Calculated peak width at baseline for (A) 10.0, (B) 5.0 and (C) 1.0 mmol/I acetate.
When the hydrodynamic flow rate increases hydrodynamic dispersion (D) becomes predomi-
nant for the total variance. The minimum zone width is found where electromigration disper-

sion equals hydrodynamic dispersion, i.e. ohd = Ok.

Fig. 4b. The intersection of the lines for calculated hydrodynamic dispersion (E) and all
other dispersion factors for (A) 10.0, (B) 5.0, (C) 1.0 and (D) 0.1 mmol/l acetate. The inter-
section corresponds to the minimum zone width in Fig. 4a. The intersection can be used for
accurate calculation of the maximum allowed hydrodynamic flow (see text).

The intersection with the line of hydrodynamic dispersion (line E) gives the point where the
variances are equal. A hydrodynamic flow will improve the zone width until the corresponding
migration distance is reached.

For example the migration distance of 1 mmol/l acetate (line C) can be reduced from -67
to -43 cm resulting in a decrease of zone width. The CZE analysis time is linearly related to
the electrophoretic migration distance. Therefore, the reduction in electrophoretic migration
distance by the application of a hydrodynamic flow will be proportional to the reduction in
CZE analysis time. The ratio is given by

ti/to = Lela/Lel2 (14)

where t is the CZE analysis time. For the example of 1 mmol/l acetate this means that a hydro-
dynamic flow is allowed that speeds up the CZE analysis time with a factor 67/43. Thus the
CZE analysis time of acetate can be decreased hydrodynamically to 6.0 min (43/67 x 9.41 min)
with a decrease of zone width.
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Resolution

Changing the migration distance will also affect the resolution. The resolution is given by

R = IN A (15)
4 v
where N is the efficiency. The selectivity is given as Av/vV which is the relative velocity differ-

ence and is equal to the relative CZE analysis time difference At/t. When a hydrodynamic
flow rate is applied the resolution is affected by the decreased efficiency.

8000 4
3 60001 A L3 5
e =
35 =
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g 3
0] | —

= 4000 - A 2

2000 - -1

0 r r 0

0.0 1.0 2.0
v,y (MmM/s)

Fig. 5. The efficiency (A) and resolution (B) are both affected by the hydrodynamic flow. The
optimum in the efficiency of 1.0 mmol/l acetate corresponds to the minimum zone width in
Fig. 1, line C. The resolution is calculated for 1 mmol/l acetate and another analyte migrat-
ing at 9.4 an 8.0 min, respectively.

In Fig. 5 the calculated effect of a hydrodynamic flow on the efficiency is shown for 1
mmol/l acetate. The resolution is calculated using (15) for two analytes with a CZE analysis
time of 9.4 (acetate) and 8.0 min. The efficiency first increases because of the reduction of the
electromigration dispersion and then decreases as a result of hydrodynamic dispersion. The
selectivity decreases proportionally to the electrophoretic migration distance as shown in Fig.

6.
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Fig. 6. Separation in CZE is based on differences in electrophoretic mobility. When the elec-
trophoretic migration distance (A) is shortened by a hydrodynamic flow the selectivity (B) de-
creases proportionally.
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Fig. 7. Separation of 1.0 mmol/l HEPES (1), acetate (2) and chloride (3) without (A) and with
(B) 0.56 mm/s and with (C) 1.11 mm/s hydrodynamic flow. For other settings and conditions
see Experimental.
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The effect of a hydrodynamic flow is demonstrated in Fig. 7. At zero hydrodynamic flow
the chloride zone is never seen because the electroosmotic velocity is approximately the same
as the electrophoretic velocity in the opposite direction. When the hydrodynamic flow velocity
is increased to 0.56 and 1.11 mm/s by applying a height difference of 10 and 20 cm, respec-
tively (corresponding to ca. 10 and 20 mbar pressure difference) the zones are still easily sep-
arated and the chloride zone appears at 6.5 min (Fig. 7C).

The peak heights and the peak height ratio of HEPES and acetate changes by applying the
hydrodynamic flow. The peak height of acetate increases with the height difference, the peak
height of HEPES increases after applying a hydrodynamic flow velocity of 0.56 mm/s. Increas-
ing the flow to 1.11 mm/s does not increase the peak height of HEPES. This means that the
minimum zone width for HEPES is reached at a lower hydrodynamic velocity than for acetate
although HEPES has a higher conductivity difference with the background electrolyte than
acetate at similar concentrations. This seems in contradiction with the conclusion drawn from
Fig. 4 that at higher conductivity differences a higher hydrodynamic velocity is allowed. How-

ever, for HEPES the short electrophoretic migration distance should also be taken in account.
40

30

mm)

4o (

20

10

Lel (Cm)

Fig. 8. The intersection of the lines for calculated hydrodynamic dispersion (C) and all other
dispersion factors for (A) 10.0 and (B) 1.0 mmol/l HEPES.
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Fig. 9. Separation of 10.0 mmol/l HEPES (1), acetate (2) and chloride (3) without (A) and
with 0.56 mm/s (B) and with 1.11 mm/s (C) hydrodynamic flow. See Experimental for condi-
tions.

As can bee seen in Fig. 8 the intersection point for 1 mmol/l HEPES is at -8.8 cm electro-
phoretic migration distance. The migration distance at zero hydrodynamic flow is -10.9 cm.
This means that a minimum in zone width is expected when the CZE analysis time of HEPES
is hydrodynamically reduced to 2.95 min ( 8.8/10.9 x 3.66 min). In Fig. 7B the analysis time
of HEPES is 2.3 min which is already beyond the optimum. As discussed before (example Fig.
4b), the acetate CZE analysis time can be decreased hydrodynamically to 6.0 min with a de-
crease of zone width. This is a decrease to 64% of the CZE analysis time at zero hydrodynamic
flow, for HEPES a decrease to only 80% is allowed. The difference in conductivity is not only
determined by concentration but also by electrophoretic mobility. Therefore, for similar con-
centrations and different mobilities, different optimum hydrodynamic flow velocities will be
found.

The effect of a high analyte concentration (10 mmol/l) is shown in Fig. 9. Even at 20 cm
height difference (vie=1.11 mm/s) an improvement in peak height (decrease of zone width) is
seen for both acetate and HEPES. In Table Il the measured and calculated zone widths are
given.
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Table 4. Calculated and measured zone width of HEPES and acetate. The various contribu-

tions to the total zone width are given as 4. All values are given in mm unless mentioned

otherwise.
HEPES acetate
Vhd (MM/S) 0 0.56 1.11 0 0.56 1.11
t (min) 3.66 2.46 1.85 941 4.17 2.68
Leot 358.8 241.0 181.4 922.5 408.8 262.6
Le -108.8 -73.1 -55.0 -672.5 -298.0 -191.4
L 0.0 82.1 123.6 0.0 139.2 178.8
4o 161 161 1.61 1.61 161 1.61
4oy 1.87 154 1.33 3.01 2.00 1.60
4chg 0.00 11.72 20.34 0.00 15.27 24.47
4ot 0.16 0.10 0.08 0.97 0.43 0.27
Cs =1 mmol/l
Aoy 6.70 4.50 3.39 12.48 5.53 3.55
4Gt 7.14 12.75 20.73 12.98 16.45 24.84
AGmeasured 15.85 12.96 18.45 21.09 11.42 16.21
ratio* 0.45 1.0 1.1 0.6 14 15
Cs =10 mmol/l

4oy 66.99 45.00 33.88 124.76 55.29 35.51
4Gt 67.04 46.55 39.57 124.81 57.42 43.19
AGmeasured 39.68 36.76 36.20 41.87 34.63 29.07
ratio* 1.7 1.3 1.1 2.9 1.7 1.5

* Ratio of calculated and measured value: 4G40 measured-

In Fig. 10 the CZE separation window is widened to all anions. The voltage is changed from
+15 kV to -5 kV and a height difference of 20 cm is applied. Reversal of the voltage results in
reversal of the electrophoretic migration direction of the anions. However, the larger hydrody-
namic flow moves the bulk liquid into the direction of the detector. The total separation is
completed within 8 min. All zones are still easily separated and a considerable improvement
of the chloride zone width is shown. Fig. 10B shows how the resolution can be manipulated by
reducing the hydrodynamic flow. The chloride peak in Fig. 10B appears after the same CZE
analysis time as in Fig. 7C. However, the zone width has been reduced a factor 1.9 by hydro-
dynamic manipulation. Fast and qualitative information on the ionic composition of the sample
is obtained.
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Fig. 10. Separation of 1.0 mmol/l HEPES (1), acetate (2) and chloride (3) with (A) 1.11 mm/s
and with (B) 0.56 mm/s hydrodynamic flow. The running voltage is -5.0 kV. See Experimental
for conditions.

Conclusions

Optimisation of indirect detection in CZE of anions depends on the several parameters. At
analyte concentrations close to the CZE buffer concentration, best results are obtained when
the analyte and chromophore mobilities are the same (m =m ). If the analyte mobility is high
it is advisable to use a chromophore with a similar mobility together with a modified capillary
to eliminate electroosmotic flow.

At low analyte concentrations the indirect detection is optimised with shorter analysis times.
It is unlikely that attempts to optimise a system by the displacement factor K will be successful,
as in most cases K is more or less constant with analyte mobility.

In certain exceptional situations hydrodynamic manipulation improves the performance in
CZE with indirect detection. Under conditions where the electromigration dispersion is larger
than the hydrodynamic dispersion an improvement in efficiency is seen. The separation win-
dow is enlarged, analytes that migrates with the same (but opposite) velocity as the electroos-
motic flow can be analysed. A hydrodynamic reversal of the bulk flow together with a reversal
of the voltage widens the separation window to all anionic compounds. In cases where fast and
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only qualitative data are required, application of a hydrodynamic flow offers an alternative to
coated capillaries or buffer additives to change the electroosmotic flow.
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Liquid Junction Coupling of Capillary Zone Electrophoresis with
Continuous-flow Fast Atom Bombardment Mass Spectrometry

Abstract

On-line capillary zone electrophoresis - continuous-flow fast atom bombardment mass spec-
trometry (CZE-CF-FAB-MS) is described. The effects of a liquid junction coupling (LJC) on
the efficiency and resolution is investigated. A decreased efficiency of a factor 10 is seen which
is in agreement with the calculated dispersion due to the hydrodynamic flow in the transport
capillary.

A position and time resolved ion counting (PATRIC) array detector is compared with a
conventional scanning electron multiplier detector. An increase in sensitivity of a factor 100 -
1000 is observed for the scanning array mode and the static array mode respectively. Absolute
detection limits in the low femtomolar range are achievable, corresponding to the low mi-
cromolar concentration range.

Introduction

Capillary zone electrophoresis (CZE) coupled to mass spectrometry (MS) is an extremely
powerful analytical tool. It combines a very efficient separation method with a selective detec-
tor that is capable of giving structural information that can be used for analyte identification.
Interfacing CZE with MS has been reported using existing LC-MS interfaces such as elec-
trospray [1-2], ionspray [3] or continuous-flow fast atom bombardment (CF-FAB) [4-7]. These
approaches are attractive because the soft ionisation characteristics opens the possibility of
analysing polar high molecular mass compounds.

The mentioned interfaces have their optimal flow rate in the lower ul/min range. Therefore,
a make-up flow is mandatory to increase the flow rate from the nl/min range in CZE to 5-20
ul/min required for successful operation of these interfaces. The addition of a make-up flow is
achieved either by a coaxial solvent flow [2, 7] or by means of a liquid junction coupling, which
is in fact a low dead volume T-piece between the separation capillary and the transport capillary
[3-6]. The latter approach may result in a considerable loss of efficiency [5].

When CZE-MS is used for identification purposes of unknown analytes, the detection must
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be performed over a wide molecular mass range. Unfortunately, the sensitivity of the MS de-
creases with the scan time. In array detection the scan times are considerably lower and only
limited by the time that is needed to read out the detection channels. The PATRIC detector can
be used as an array detector in a fixed mass window of 8% around the central mass [8]. The
m/z range can be increased by using the array in the scanning mode. An advantage over a
conventional scanning electron multiplier is that scanning takes place with a mass window in
stead of 1 mass at a time. This increases the scanning speed and the detection sensitivity sub-
stantially.

In this study the performance of a liquid junction coupling for CZE-CF-FAB-MS is inves-
tigated. Efficiencies in the MS are compared with CZE efficiencies measured before the LJC
for dextromethorphan and some B-endorphin fragments. The detection sensitivity of an array
detection system is compared with a conventional scanning electron multiplier.

Experimental

Efficiency study

The CZE system consisted of a Model RR100-1.5P high voltage power supply (Gamma
High Voltage Research Inc., Mt. Vernon, NY, USA), a 700x0.075 mm fused silica capillary
(SGE, Ringwood, Victoria, Australia) for electrophoresis, a custom-made liquid junction cou-
pling, a 1000x0.075 mm fused silica transport capillary. On-capillary absorbance detection
(Spectroflow 757, Kratos, Ramsey, NJ, USA) in CZE took place 150 mm before the LJC at
210 nm. The Finnigan MAT 90 (Bremen, FRG) double focusing mass spectrometer was
equipped with a Finnigan MAT CF-FAB probe and a cryopump at the ion source housing. A
stainless steel target was used in combination with a wick of compressed paper at the bottom
of the ion volume to ascertain stable ionisation conditions in CF-FAB operation [9]. In MID
mode a cycle time of 0.5 s was used. For sample introduction electrokinetic injection was ap-
plied.

The electrophoresis buffer consisted of a 20 mmol/l ammonium acetate at pH 8 and con-
taining 3% of glycerol which was added to improve the post-capillary mixing with the CF-
FAB make-up liquid. CZE was performed by applying a voltage of 20 kV between the injection
point and the liquid junction interface. The make-up liquid added to the effluent of the electro-
phoretic capillary to obtain a total flow-rate of 5-8 ul/min to the CF-FAB probe consisted of
0.25% trifluoroacetic acid (TFA) and 10-16% of glycerol in water.
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Trifluoroacetic acid and ammonium acetate were purchased from Merck (Darmstadt, FRG),
98% chemical pure glycerol from Lamers & Pleuger (‘s-Hertogenbosch, The Netherlands). The
mobile phase was freshly prepared each day using distilled water and filtered before use.

PATRIC detector

Capillary electrophoresis was performed with a 800x0.075 mm fused silica capillary, apply-
ing a potential of 20 kV. A volume of typically 20 nl was injected hydrodynamically. A custom-
made liquid junction coupling, was used for the addition of the make-up fluid (0.025% tri-
fluoroacetic acid and 16.6% glycerol in water) and for the coupling of the CZE capillary with
the CF-FAB interface. The transport capillary between the liquid junction coupling and the CF-
FAB probe tip was a 840x0.100 mm fused silica capillary, resulting in a flow rate of ca. 14
ul/min. A newly designed CF-FAB target was used with a gold plated channel [9] yielding an
almost instant stability under the described conditions.

A Finnigan MAT 900 double focusing mass spectrometer equipped with both a normal sec-
ondary electron multiplier (SEM) and a PATRIC detector was used. The array detector was
used in static and in scanning mode. For the experiments comparing the different detection
modes in the analysis of three B-endorphin fragments the resolution was set at 1000. A resolu-
tion of 1000 and 2000 was used in the measurements of 15 pmol galanin and 2 pmol magainin,
respectively. Galanin and magainin were purchased from Bachem Feinchemicalien AG (Bu-
bendorf, Switzerland).

Theory

Several approaches have been described in coupling of CZE to the MS interface. Some ap-
proaches are based upon insertion of the CZE capillary in the interface, the so-called coaxial
approach. Another approach is based upon the coupling of capillaries by means of a liquid
junction. In principle, both coupling devices can be used for CZE CF-FAB-MS. Both the co-
axial and the LJC approach have specific advantages.
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Fig. 1. Schematic representation of CZE-CF-FAB-MS with a liquid junction (A) and a coax-
ial coupling(B). Numbers are: high voltage anode (1), anode buffer vial (2), CZE capillary
(3), addition of make up liquid (4), grounded cathode (5), transport capillary (6) and mass
spectrometer (7). See text for further explanation.

In the coaxial approach the CZE capillary is inserted in the CF-FAB probe until a few mil-
limetres before the end of the probe (Fig. 1). Capillaries with small inner diameters are used (<
15 um ID) to suppress a hydrodynamic flow caused by the vacuum at the ion source. High
separation efficiencies can be obtained, however, the limited loadability results in a poor de-
tection sensitivity.

In a LJC the CZE capillary is placed oppositely to a transport capillary to the MS interface.
The junction is immersed in a make-up liquid which is in contact with the counter electrode for
CZE. The junction between the two capillaries is small, typically 20 pm. Analytes migrating
out of the CZE capillary enter the transport capillary and are flushed towards the MS by means
of a pressure induced flow caused by the vacuum in the ion source.

The LJC offers more flexibility than the coaxial approach. In an optimised situation the
ionisation is not disturbed by the CZE voltage which may be the case in the coaxial approach.
Another advantage is that the CZE capillary dimensions can be chosen independently from the
MS interface. The loadability of the CZE-MS system can be increased by using larger ID CZE
capillaries which is not the case in the coaxial approach. A possible disadvantage of the LJC is
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that the pressure induced flow in the transport capillary contributes considerably to the zone
broadening.

Zone broadening in the transport capillary

The maximum achievable plate number in the LJC approach can be calculated by consider-
ing all sources of zone broadening negligible, except for the hydrodynamic dispersion. The
variance (in m?) by a pressure induced flow in the transport capillary is given by (Chapter 1.3)

2 _ Lig Vig d
= —hd_hd 1
Opg 96 D (1)

where Lng is the hydrodynamically covered distance, vng the hydrodynamic velocity, d the ca-
pillary diameter and D the molecular diffusion. The temporal variance (in s?) is given by:

» _ Ly zd?

O
hd 6.4DF

)

where F is the flow rate in pl/min.

For a transport capillary of 840 x 0.100 mm the flow rate due to a pressure difference of 1
bar will be approximately 17.6 ul/min. The CZE-MS variance (egn. 2) resulting from hydro-
dynamic transport is then on? = 4.67 s (Lha = 840 mm, 1 =9.93 10* kgm=*s?, d=0.1 mm, D
= 0.5 10 mm?s?). Assuming a CZE-MS analysis time of 600 s, the maximum achievable
efficiency is then calculated as N=(t/c)>= 77000, for an analysis time of 300 s the maximum
efficiency is 19000.

One way to optimise CZE-MS is to use a smaller ID capillary and an increased pressure
drop to keep the flow rate in the transport capillary constant. For CZE-MS a factor 2 smaller
ID transport capillary, would result in a factor 16 decrease of the hydrodynamic variance (egn.
2). A factor 16 higher pressure drop (Poiseuille) would be required to keep the flow rate con-
stant.

Although under the experimental conditions with a LJC the loss in efficiency may be con-
siderable, in practice separation efficiency is usually not a limiting factor in CZE-MS. The MS
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is such a selective detection method that in most cases baseline separation is not required. Ap-

plication of CZE-MS in analytical methods is often limited by the small sample loadability
resulting in a poor detection sensitivity.

10

rel. peak height
rel. peak height

S

time (min) time (min)

Fig. 2. Separation and LIF detection of fluorescently labelled amino acids. Arg (1), Lys (2,
3), Trp (4), Phe (5), Thr (6), Ser (7), L-Dopa (8), Glu (9) and Asp (10). Detection before (A)
and after (B) a liquid junction coupling similar as used in CZE-MS. The efficiencies in (B)
are a factor 10 lower, the resolution decreased with the square root of the efficiency.

In Fig. 2 the effect of a decrease of efficiency is illustrated for the separation of a number of
amino acids detected with laser-induced fluorescence (LIF) detection. A similar two capillary
system with an LJC is used in Fig. 2B. Detection before the LJC resulted in efficiencies varying
from 2 10° - 3 10° and after the LJC the efficiencies are approximately a factor 10 lower. The
resolution decreased by a factor of 3.
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Results and discussion

CZE and CZE-MS efficiency

In Fig. 3A and B a CZE and a CZE-MS electropherogram of a peptide mixture is shown.
The efficiency of peak 3 is in both cases the same, approximately 6000. The plate numbers are
calculated as N=(t/c)>.

The low CZE performance is explained by the high sample concentrations (340 umol/I) that
are necessary to obtain a MS signal. Due to concentration overloading and the poor CZE per-
formance the contribution of hydrodynamic dispersion in the transport capillary to the zone
broadening is negligible. However, the resolution is not only determined by the efficiency but
also by the selectivity. In both electropherograms the peaks are baseline separated which is
more then enough for identification purposes. In Fig. 4 another peptide mixture is shown with
similar concentrations, efficiencies and resolution. The total ion current in Fig. 4C shows over-
lap of peak 2 and 3, the selectivity of the MS is demonstrated by the individual traces in Fig.
4B.

A better efficiency and sensitivity is obtained in the analysis of dextromethorphan, a cationic
drug. Dextromethorphan is dissolved in water (100 ng/ml), enabling electrokinetic injection
under stacking conditions. In Fig. 5 the absorbance and MS electropherograms of dextrome-
thorphan are shown with efficiencies of respectively 115000 and 9000, which is a factor of 13
decrease of efficiency.

Although the CZE performance for dextromethorphan is considerably better than for the
peptides, the overall CZE-MS plate numbers are poor. The CZE-MS efficiencies are mainly
determined by the dispersion in the LJC and the transport capillary. Under these circumstances
the electromigration dispersion, due to overloading of the CZE capillary, hardly affects the
overall separation efficiency. Optimisation should therefore start with a reduction of the exces-
sive zone broadening in the transport capillary and LJC.
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Fig. 3. On-capillary absorbance detection of f~endorphin fragment (1) 6-13, (2) 8-15 and (3)
10-17, before the LJC (A) and the corresponding CZE-MS reconstructed total ion elec-
tropherogram using CF-FAB (B). The MS is operated in the MID mode. The displayed time
window is 5 min for both electropherograms, (A) 2.5-7.5 min and (B) 5.0-10.0 min. The pep-
tides are dissolved in electrophoresis buffer at a concentration of 300 pumol/I.

Fig. 4. On-capillary absorbance detection of f~endorphin fragment (1) 9-17, (2) 8-17 and (3)
10-17, before the LJC (A) and the corresponding CZE-MS reconstructed total ion elec-
tropherogram using CF-FAB (C). In (B) the individual traces of the three peptides are
shown. The MS is operated in the scan mode in m/z range 700-1350. The displayed time win-
dow is 3 min for both electropherograms, (A) 4.0-7.0 min and (B and C) 5.5-8.5 min. The
peptides are dissolved in electrophoresis buffer at a concentration of 340 pumol/l.
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Fig. 5. (A) On-capillary absorbance detection of 100 ng/ml dextromethorphan before the LJC
and the corresponding (B) CZE-MS MID electropherogram (m/z 272). The displayed time
window is 30 s for both electropherograms, (A) 3.5-4.0 min and (B) 4.7-5.2 min. Injection is
performed under stacking conditions.

Comparison of different detection modes

Three B-endorphin fragments 6-13, 8-15 and 10-17 with molecular masses of 857, 882 and
900, respectively, are selected for a comparative study of the different detection modes: i.e.
conventional detection by means of a SEM, scanning array detection and static array detection
by means of the PATRIC detector. In the latter case the ions in a fixed mass range of 8% around
a centre mass, in this case a mass-to-charge ratio (m/z) of 875, are detected. The analysis is
performed with 5 pmol of each 3-endorphin fragment.

With the SEM detector scanning over a broad mass range (m/z 300-1000) at the 5 pmol
level is not successful. Therefore, the mass range in this mode is reduced to m/z 840 - 910 using
a cycle time of 1 second. The reconstructed mass electropherograms of the m/z values of the
protonated molecules are given in Fig. 6A together with a spectrum of the fragment 8 -15 in
Fig. 6B. Scanning array detection is performed over a much wider mass range, i.e. m/z 300 -
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1000 with a cycle time of 1 second. The reconstructed mass electropherograms and the spec-
trum of the 8-15 fragment from this analysis are given in Fig. 6C and D. In Fig. 6E and F the
results are given as obtained with the static array detection using the full 8% window, i.e. de-
tecting over a mass range of m/z 840 - 910, and an accumulation time of 1 second.

When the reconstructed mass electropherograms in Fig. 6A, C and E are compared, a strong
improvement in S/N ratio is observed going from scanning with SEM detection via scanning
with array detection to the static array detection mode. In the latter case actually the three peaks
are clearly observed in the trace of m/z 883. The last peak can be attributed to the 8 - 15 frag-
ment; this protonated molecule of this peptide looses a molecule of water on FAB. One of the
other peaks is the B-endorphin fragment 6-13, while the additional peak at this m/z ratio is
probably due to an impurity in the sample.

A
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A A ohea A N AAJ) A
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Fig. 6. (A, C and E) Reconstructed mass electropherograms (time in s) from the CZE-MS
analysis of the f-endorphin fragments 6-13, 8-15 and 10-17 and (B, D and F) CF-FAB mass
spectra of the g-endorphin fragment 8-15. Data acquired with 1s per scan. A and B, electron
multiplier in scanning mode (m/z 840-910); C and D, scanning array detection (m/z 300-
1000); E and F, static array detection with 8% window (m/z 840-910).

The improvement of the spectrum quality in the series Fig. 6B, D and F, which represent
single spectra without averaging, is also evident from the S/N ratio and the isotope cluster. The
numbers of ions detected for the peak at m/z 901 in a single spectrum of fragment 8 - 15 in the
three different modes are 16, 480 and 16000, respectively. In evaluating these figures it must
be kept in mind that for the scanning array detection mode a broader mass range is scanned
(m/z 300-1000) than for the conventional detector (m/z 840-910). Taking this into account a
100-fold improvement for the scanning array mode and a 1000-fold improvement for the static
array mode is observed. The data compared are all based on one spectrum and a cycle time of
1 second. This means for the static array mode that the absolute detection limit for the peptides
investigated is in the 1-5 femtomolar range and even lower, if all spectra during a CZE peak
are averaged.
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Static array detection

Continuous-flow FAB has been successfully used in the detection of peptides in the m/z
range below 2000. Above this range hardly any data are reported. From our own experiences
the sensitivity at higher mass is lower than expected on the basis of comparing conventional
FAB with CF-FAB at low mass. For this reason static array detection is used to measure the
performance of CF-FAB in combination with CZE in the m/z range of 2000 - 3300.
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Fig. 7. (A) Reconstructed total ion and mass electropherograms (time in min) from CZE-MS
analysis of magainin | and Il (static array detection). Data acquired with 1s per scan. (B)
CF-FAB mass spectrum of magainin 1. Averaged molecular mass of the protonated molecule
is 2410.9. (C) CF-FAB mass spectrum of magainin I1. Averaged molecular mass of the proto-
nated molecule is 2467.9.

The reconstructed total ion and the mass electropherograms for a CZE/MS analysis of the
two peptides magainin | and Il are given in Fig. 7A. The magainin | and Il peptides, which
originally are isolated from frog skin, have a molecular mass of 2408.3 and 2465.3, respec-
tively. Although the peptides differ only in 2 of the 23 amino acids separation is achieved in
CZE. The spectra obtained at the 2 pmol level with a resolution of 2000 are given in Fig. 7B
and C and are of good quality; a well defined isotope envelope is obtained.
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Fig. 8. (A) Reconstructed total ion electropherogram (time in min) and (B) CF-FAB mass
spectrum of galanin. Averaged molecular mass of the protonated molecule is 3211.6. Data
acquired with 1s per scan.

Fig. 8. shows the spectrum of 15 pmol Galanin (averaged molecular mass 3211.6) with a
resolution of 1000. Although the sensitivity at higher mass decreases, a usable spectrum could
be obtained.

Conclusions

The liquid junction coupling of CZE with CF-FAB-MS is successfully applied in the anal-
ysis of peptide mixtures. Due to hydrodynamic dispersion in the transport capillary the CZE
efficiencies decreased to CZE-MS efficiencies of approximately 5000-10000. The CZE-MS
efficiencies are mainly determined by the dispersion in the LJC and the transport capillary.
Optimisation should therefore start with a reduction of the excessive zone broadening in the
transport capillary.

Application of a PATRIC array detection system results in a considerable improvement of
the sensitivity in mass spectrometric detection in CZE-MS. The static detection mode is useful
in target compound analysis and results in sensitivities comparable with single ion monitoring,
but information over a larger mass range of 8% around a centre mass is obtained. Scanning
array detection is a universal detection approach of major importance, since the gain in sensi-
tivity can be in the order of 10 - 100 as compared to a conventional SEM in combination with
scanning.
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2.2

Capillary Isotachophoretic Analyte Focusing for Capillary Zone
Electrophoresis with Mass Spectrometric Detection using Elec-
trospray lonisation

Abstract

An improvement in detectability in capillary zone electrophoresis-mass spectrometry (CZE-
MS) is realised using isotachophoretic (ITP) analyte focusing. The practical approach is de-
scribed for the on-line coupling of ITP-CZE-MS using an electrospray (ESP) interface. An
equation is derived for the calculation of the splitting ratio of ITP zones into the CZE system.
The applicability of analyte focusing is demonstrated for the analysis of a mixture of anthracy-
clines. Initial experiments showed a 200-fold improvement in concentration detection limit for
ITP-CZE-MS compared to CZE-MS.

Introduction

CZE in combination with MS can be a potentially powerful tool in the analysis of various
compounds [1-9]. Especially in the area of protein and peptide analysis there is a growing in-
terest for a highly efficient separation technique such as CZE in combination with the high
selectivity of mass spectrometric detection. CZE-MS interfaces described in literature are con-
tinuous-flow fast atom bombardment (CF-FAB), electrospray (ESP) and ionspray (ISP).

The application of CF-FAB is realised by either a liquid junction coupling or a coaxial ap-
proach for addition of the necessary make-up fluid for this type of ionisation. In the coaxial
approach [10] the separation capillary is inserted in the CF-FAB capillary and ends only a few
millimetres before the tip of the CF-FAB probe. This minimises the dead volume and facilitates
high efficient separations.

In the other approach of CZE-CF-FAB-MS a liquid junction coupling (LJC) for the electric
uncoupling and for addition of make-up fluid is used [2, 11, 12]. This type of coupling utilises
a transport capillary between the CZE capillary and the mass spectrometer. Transport of ions
in this capillary is facilitated by means of a hydrodynamic flow generated by the vacuum in the
ion source of the mass spectrometer. It is evident that this type of CZE-MS coupling results in
considerably more peak broadening with respect to the coaxial approach.
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On the other hand however, the coaxial approach necessitates the use of 10 um ID capillaries
in order to prevent a hydrodynamic flow in the CZE capillary because of the vacuum of the ion
source at the CZE capillary outlet. This means a considerable drawback with respect to the
loadability and the corresponding sample concentration detection limits in CZE-MS [9]. Alt-
hough the use of a LJC results in band broadening the mass flow to the mass spectrometer will
be superior to the LJC type of couplings where 75 um capillaries are used with an approxi-
mately 50 times higher loadability than the 10 um ID capillaries. Nevertheless, the loadability
is limited to the nanolitre range resulting in relatively high minimum detectable concentrations.
An important improvement in detectability is realised by using a PATRIC (Position And Time
Resolved lon Counting) array detector for CZE-CF-FAB-MS [3].

The ESP interface for CZE-MS described by Smith [13, 14] has several advantages over the
CF-FAB interface. Firstly, the CZE capillary is inserted in the ion source and the migrating
ions are electrosprayed from the capillary outlet directly into the mass spectrometer implying
that no additional peak broadening after the CZE separation is introduced. Secondly, the use of
a sheath flow with an approximately 10 times higher flow rate enables the use of CZE buffers
with minor consideration of the ionisation compatibility. In peptide analysis CZE can be per-
formed in buffers with high pH, while positive ions are detected in the mass spectrometer be-
cause of addition of acetic acid to the sheath flow. Thirdly, the ion source is at atmospheric
pressure resulting in the absence of a hydrodynamic flow and 75 um CZE capillaries can be
used. Finally, the ESP interface enables the analysis of high molecular mass compounds such
as proteins. Because of multiple charges on the large molecules the corresponding charge-to-
mass ratios are within the detectable range of the mass spectrometer.

The coupling of CZE-MS using electrospray with pneumatically assisted nebulisation
(ionspray) is described utilising either a LJC [15] or a coaxial approach [16]. In a recent inves-
tigation both approaches are compared [17].

ITP is a capillary separation technique which is capable of concentrating trace components
and diluting of major constituents of the sample. The combination of these features makes ITP
in principle an ideal technique for sample treatment. The use of ITP as sample pretreatment in
CZE is described already in literature [18- 21].

Characteristic of CITP is its concentrating properties. The concentrations of analyte ions are
adapted to the concentration of the leading ions according to the Kohlrausch regulation func-
tion. The adjusted isotachophoretic concentration is given by



Capillary Isotachophoretic Analyte Focusing for Capillary Zone Electrophoresis with Mass
Spectrometric Detection using Electrospray lonisation 101

z, m, (mLerR).E
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where C, is the analytical concentration of analyte i, C, is the leading ion concentration, z is
the charge on the ion and m is the ionic mobility. The absolute values of z and m are used in
(1). For any combination of weak and strong electrolytes (R, i and L) the ionic mobilities are
used in (1).

In this paper we describe the preliminary results of the on-line coupling of ITP-CZE-MS
with an ESP interface. For the coupling of ITP with CZE we used the same set up as described
previously [18, 19] where we demonstrated a decrease of the concentration detection limits
with a factor of 100-1000. The CZE-MS coupling is similar as described by Smith et al. [13].
The potential of the ITP-CZE-MS coupling is demonstrated with the analysis of a mixture of
anthracyclines.

Experimental

Isotachophoresis

ITP took place in a home-made apparatus consisting of Plexiglas electrode vials and a PTFE
capillary of 150 x 0.32 mm. The terminating buffer consisted of 10 mmol/I histidine (HIS) pH
7.2 in 60 % (v/v) methanol (MeOH). Sodium phosphate (10 mmol/l pH 7.2) in 60 % MeOH
was used as leading buffer. Injection of 5 ul analyte into the ITP was done by means of a 100
ul injection syringe. There was no detector used, the ITP zones of anthracyclines could be
observed. For the determination of low concentrations one of the anthracyclines was used as
marker and added in a high concentration. The voltage was supplied by a model RR100-1.5R
power supply (Gamma High Voltage Research, Mt. Vernon, NY, USA) operating in the con-
stant current mode at 60 pA. For injection of ITP zones in the CZE by means of electrical
splitting an additional power supply (model RR40-1.5P, Gamma High Voltage Research) was
used. The current was measured in series with the capillary using a micro-amperometer (model
134312, Goerz, Vienna, Austria).
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Capillary electrophoresis

CZE was carried out in a 700 x 0.075 mm ID (for CZE-MS) or 700 x 0.040 mm ID (for
CZE-MS and ITP-CZE-MS) fused silica capillary (SGE, Ringwood, Victoria, Australia) using
an electrophoresis buffer that composed of 10 mmol/l sodium acetate at pH 7.5 and 60 %
MeOH (for CZE-MS) or 10 mmol/l sodium phosphate at pH 7.2 in 60 % MeOH (for ITP-CZE-
MS). The power supply was operated in the constant voltage mode at 20 kV for CZE. Samples
were electrokinetically injected applying 6 kV for 6 s. On-capillary absorbance detection in
CZE took place at 350 mm from the anodic end, using a Spectra 100 UV-Vis absorbance de-
tector (Spectra-Physics Inc., Mt. View, CA, USA) at a wavelength of 210 nm.

Isotachophoresis - capillary electrophoresis

Coupling of ITP-CZE was done as previously described [19] by inserting the CZE capillary
in the ITP capillary through a septum in the cathode compartment of the ITP (Fig. 1). As the
ITP zones approached the CZE inlet injection took place by means of electrical splitting pro-
portional to the current distribution over the CZE and ITP capillary. After injection the ITP
capillary was carefully flushed with leading buffer and the CZE run was started. The CZE
buffer was the same as the leading buffer.

A schematic representation of the ITP-CZE-MS coupling is given in Fig. 1. Injection took
place through a silicon septum (1) by means of a syringe inserted up to valve 3b. The valves
(3a-c) were used for flushing the ITP capillary with buffer. The terminating buffer vial (2) was
connected to a positive voltage and the leading buffer (4) vial to earth during ITP and was
raised to +2 kV at the time of injection. ITP takes place in a 150 x 0.320 mm capillary (6). The
capillary was closed by a membrane (5) to prevent hydrodynamic flow. For the CZE run the
electrode in vial 2 was disconnected and the electrode in vial 4 was set at a positive voltage.
CZE takes place in either a 700 x 0.075 mm or 700 x 0.04 mm capillary (8) and was inserted
in the ITP through a septum (7). The UV absorbance detector (9) was placed at 350 mm of the
CZE capillary end. The sheath needle (10) for electrospray MS was always grounded. Arrow
(a) points at the splitting point of ITP-CZE, arrow (b) at the inlet of the sheath liquid.
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Fig. 1. Representation of the on-line coupling of ITP-CZE-MS. For explanation see text.

Capillary electrophoresis-mass spectrometry

A Finnigan MAT TSQ 70 triple-quadrupole mass spectrometer (Finnigan MAT, San Jose,
CA, USA) equipped with an ESP (Finnigan MAT) was used in the positive ion mode. A sheath
flow rate of 1 pl/min was applied by means of a syringe pump (model 2400, Harvard Appa-
ratus, Edinbridge, UK). For the on-line coupling of CZE to the MS it is mandatory to make
electrical contact between the ESP needle and the CZE capillary outlet. The sheath liquid con-
sisted of 1 % glacial acetic acid in a mixture of ethanol-water (3:2, v/v). The current in the CZE
capillary was monitored as described under the CZE conditions. The counter electrode of the
electrospray was set at -4 kV, while the ESP needle was grounded. The distance of the outlet
of the CZE capillary to the counter electrode was approximately 20 mm. Height differences
between electrode vials and electrospray was omitted to prevent any hydrodynamic flow. All
experiments were performed in multiple ion detection (MID) mode.

Chemicals

Doxorubicin (DOX), carminomicin (CAR) and epirubicin (EPI) were available as 1 mg/ml
chlorohydrate solutions containing 5 mg/ml lactose and were purchased from Farmitalia, Carlo
Erba S.A. (Nivelles, Belgium). Daunorubicin (DAU) was purchased from Rhone-Poulenc
(Paris, France). Histidine, methanol, sodium hydrogenphosphate and sodium dihydrogenphos-
phate were purchased from Merck (Darmstadt, FRG). All further chemicals were of analytical
grade. Throughout all experiments demineralised water was used.
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Theory

Electrical splitting from ITP to CZE

The ITP-CZE coupling can be represented as an electrical circuit. When the influence of the
electroosmotic flow is negligible, the split ratio between the CZE and the ITP capillary can be
calculated by the current ratios 12/13 (Fig. 2) [25].

A
Rl V split R2
VI — — V2
B
B ITP | LB ‘ CZE
ITP splitting ITP electrospray

anode point cathode

Fig. 2 (A). Schematic representation of the electrical circuit in ITP-CZE-MS at the time of in-
jection. (B) The voltage distribution over the capillaries at the time of injection is given for
V>=0 kV (dashed line) and for V,=2 kV (solid line) at a constant voltage V1 of 8 kV. S is the
sample zone, TB and LB are the terminating and leading buffer respectively. See text for fur-
ther explanation.

In order to manipulate the splitting ratio it is convenient to know the parameters that are
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influencing I and Is. Therefore an equation is derived giving the splitting ratio I2/Isas a func-
tion of the capillaries dimensions using the resistance ratio Rs/R2, and of the voltages applied
at the time of injection. The currents I and I3 can be written as:

I2 = (V1- 11R1-V2)/R2 (2
and
I3 =(V1- l1R1)/R3 3)

and the ratio:

-2
I3

R, V, - IR, -V,

_3, 4
Rz V1 - |1R1 ( )

V1 and V> are respectively the potentials of the anode and cathode vial of the ITP at the time
of injection. Ry, R2 and R3 are the electrical resistance of the ITP capillary from the anode to
the splitting point and of the ITP capillary from the splitting point to the cathode and of the
CZE capillary, respectively.

As V1 - 11R1 represents the voltage at the splitting point at the time of injection (Vspiit) equa-
tion 4 becomes:

l, R

—. (1 - \Z
I, R, V.

split

) ®)

When the cathode of the ITP is grounded at the time of injection (V2=0) the equation is sim-
plified and the splitting ratio is:

I2/13 = R3/R2 (6)

In this case the splitting ratio is independent of Vspit which means that the filling of the ITP

capillary with terminating buffer is not influencing the splitting ratio. It should be noted that
the current I, (Fig. 2a) can become negative. When V approaches V1 and V2 > Vgpit then the



106 Chapter 2.2

direction of the current is reversed, the ions will migrate in the opposite direction and the ITP
conditions no longer exist. Just before that, when V2 = Vgpyiit, the current ratio 12/13 = 0 which
means that theoretically 100% of the analyte will migrate into the CZE. However, in this case
small changes in the voltage will cause large differences in splitting ratio. In our experiments
the splitting ratio is considerably lower to prevent overloading of the CZE system and to have
a reproducible of the splitting ratio. The capillary resistance R can be calculated from:

R = L/ )

Where L is the capillary length, r is the capillary radius and « is the conductivity of the buffer.
As both the CZE capillary and the ITP capillary from the splitting point to the cathode are filled
with the same leading buffer, the resistance ratio Rs/R2 can be written as:

2 2
R3 _ |—3 Mip - rc:E,o (8)
— = ="
Rz Lz lce,i

where L2 is the ITP capillary length from splitting point to cathode and L3 the total CZE capil-
lary length. The ITP capillary radius ritp is corrected for the inserted CZE capillary outer radius
rczeo, fcze,i IS the inner radius of the CZE capillary. The voltage at the splitting point at the
time of injection is calculated from:

I3=1l1-12 9
Vsplit - Vl - Vsplit ) Vsplit - V2 (10)
R3 Rl RZ
Vsplit = 2 (11)
1+ & + &
R3 RZ

where resistance ratios are:
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The resistance ratios are corrected for differences in conductivities using the conductivity ratios
kL/xT because at the time of injection the ITP capillary is filled up to the splitting point with
terminating buffer. The conductivity ratio can easily be measured by the ratio of the voltage
drop over the ITP capillary before the ITP run when the capillary is filled with leading buffer
and at the end of the ITP run when the capillary is filled with terminating buffer at a constant
current. The measured difference in voltage drop is caused by a proportional difference in con-
ductivity of the leading buffer with respect to the terminating buffer. The influence of the elec-
troosmotic flow and local temperature differences are considered negligible.

Results and discussion

CZE and ITP of anthracyclines

Several preliminary experiments are carried out for the optimisation of the capillary elec-
trophoretic separation. Anthracyclines adsorb to the capillary wall, glassware and other labor-
atory materials introducing a source of irreproducibility especially at low concentrations [22].
One way to overcome this problem is the use of organic modifier in the stock solutions and the
electrophoresis buffers [23]. Therefore, either acetonitrile (ACN) or MeOH is added to the
electrophoresis buffer.

Although the use of volatile buffers is often preferred in MS to prevent contamination of the
ion source by salt formation, it is possible to work for several days with a 10 mM sodium
phosphate or sodium acetate buffer before crystallisation is notable and the ion source had to
be cleaned.

The ITP separations of anthracyclines are performed in the cation mode because of their
positive charge below pH 7.5. The ITP buffer system is a modification of the system described
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by Akedo et al. [24] who used a leading buffer of sodium acetate at pH 6.0 and a terminating
buffer of R-alanine in 60 % MeOH for determination of doxorubicin and doxorubicinol in
plasma. Under these conditions however, the mobility of some anthracyclines appeared to be
higher than sodium. Therefore the pH is increased to 7.2 thus lowering the mobility of the
anthracyclines. Histidine is chosen as the terminating buffer because its pl of 7.5 is close to the
working pH resulting in the lowest mobility.

ML_J oy o

0 5 9 11 13
t (min)

Fig. 3. Electropherograms of the UV absorbance (A) and mass spectrometric (B) detection of
DAU(1), EPI1(2) and DOX(3) (resp. 66, 83 and 83 wg/ml). CZE took place in a 0.075 x 700
mm capillary using a 10 mmole/l sodium acetate buffer pH4.6 in 70% ACN, and a voltage of
20 kV.
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CZE-MS of anthracyclines

In the coupling of CZE with the MS the electrical contact between the electrospray needle
and the capillary outlet appeared to be very important. Disruption of this contact could lead to
electroperforation of the capillary because of the grounded stainless steel electrospray needle
surrounding the CZE capillary over a length of 15 cm. By addition of 1% of glacial acetic acid
to the sheath liquid this problem could be overcome, possibly due to improved wetting of the
fused silica as well as the stainless steel ESP needle. Tuning of the mass spectrometer is done
using a continuous flow of leading buffer containing 184 umol/l DOX at a flow rate of 100
nl/min using the syringe pump.

g T

15 20
t (min)
Fig. 4. CZE-MS of the stereoisomers EPI(1) and DOX(2) (250 ng/ml each) in 10 mmole/l so-

dium acetate buffer pH 7.5 and 60% methanol using a 0.040 x 700 mm capillary and a volt-
age of 20 kV at the anodic end.

Fig. 3 shows the UV signal and the mass electropherogram of a mixture of DAU, EPI and
DOX at a concentration of 66, 83 and 83 ug/ml, respectively. The UV trace shows no resolution
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between the stereoisomers DOX and EPI. In the mass electropherogram a shoulder is formed
on the peak at m/z 544 indicating a small difference in electrophoretic mobility. Also the reso-
lution between the peak of DAU and the peak of DOX and EPI has improved compared to the
UV signal. The efficiency calculated as the plate number from the mass spectrometric peak of
DAU is approximately 120000.

In Fig. 4 the separation of the stereoisomers EPIl and DOX is more pronounced. By changing
the electrophoresis buffer from pH 4.6 to 7.2 the pH is closer to the pKa of EPI and DOX which
is 7.7 and 8.2 respectively. This enabled an almost baseline separation of both compounds.

ITP-CZE-MS of anthracyclines

The diameter of the CZE capillary in ITP-CZE-MS experiments is smaller than in CZE-MS
experiments. It is necessary to use a 40 um ID CZE capillary in the ITP-CZE mode in order to
reduce a hydrodynamic flow in the CZE capillary when the ITP capillary is flushed with lead-
ing buffer. Flushing of the ITP capillary is done after injection of ITP zones in the CZE capil-
lary. A syringe filled with leading buffer is connected to valve 3c (Fig. 1), valve 3c and 3b are
opened and valve 3a is closed. A pressure is applied on the syringe and the ITP tube is flushed
to establish a continuous buffer system during the CZE run. The pressure applied on the ITP
system through valve 3c is distributed over the ITP capillary and the CZE capillary. This re-
sulted in a hydrodynamic flow that is proportional to the capillary radius to the power 4 and to
the reciprocal of the capillary length. This hydrodynamic flow is a major source of peak broad-
ening of the CZE zones after ITP focusing when 75 um CZE capillaries are used. By using 40
um capillaries this peak broadening could be considerably reduced.

Injection of the ITP zones in the CZE capillary is done by electrical splitting [25]. The CZE
inlet is positioned between the anode and cathode vial of the ITP, at approximately 3 cm from
the cathode. The CZE capillary outlet is always grounded by means of the ESP interface. This
means that during the ITP run a potential drop exists over the CZE capillary. By raising the
cathode voltage of the ITP from 0 to +2 kV the split ratio is increased in favour of the CZE.

When in the described system the ITP cathode is grounded (V2 = 0) the current ratio can be
calculated from equation (6) and (8), using the capillary length Lz ,L> and radius rite, rcze,o and
rcZE,i which are 70 cm, 3 cm, 160 um, 100 um and 20 pum respectively (Fig. 2). This results
in a current ratio of 910, which means that 0.1 % of the total current is split to the CZE. Raising
the voltage in the ITP cathode compartment appeared to be a convenient way to manipulate the
splitting ratio. At a cathode voltage, V2, of 2 kV, the splitting ratio is calculated to be 128
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implying that 0.8% is split into the CZE (L1 =12 cm, xi/kt=7, V1 =8 kV). This splitting ratio
is used in further experiments. Although this split ratio is low, V2 is not increased further be-
cause this would lead to overloading of the CZE capillary.

t(min)

Fig. 5. Mass spectrometric electropherogram of ITP-CZE-MS of DAU(1), EPI(2) and
DOX(3) (resp. 3, 8 and 8 pg/ml).

To study the potential of isotachophoretic analyte focusing in CZE-MS several ITP-CZE-
MS experiments are performed. The standard mixture of anthracyclines is diluted to 5, 20, 50
and 200 times lower concentrations than in the CZE-MS experiments. Five microlitres of a
mixture of DAU, EPI and DOX at concentrations of 3, 8 and 8 ug/ml respectively, are injected
in the ITP system. CAR is added as a visible marker at a concentration of 10 ug/ml. The mass
electropherogram after ITP-CZE separation (Fig. 5) shows considerable peak broadening due
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to overloading of the CZE capillary after the ITP step.

t (min)
Fig. 6. Mass spectrometric electropherogram of ITP-CZE-MS of DAU(1), EPI(2) and
DOX(3) (resp. 0.3, 0.8 and 0.8 wg/ml).

Lowering the concentration with a factor of 10 improved the peak shape considerably (Fig.
6). In this case the concentration of the marker CAR is 30 pug/ml. The improvement in detect-
ability is clearly illustrated in Fig. 7. This figure shows the CZE-MS mass electropherogram
of 66 ug/ml DAU (A) in comparison with a ITP-CZE-MS mass electropherogram of 0.3 pug/ml
DAU (B). The improvement in detectability is at least a factor of 200.
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Fig. 7. Mass spectrometric detection of 0.3 zg/ml DAU by ITP-CZE-MS (A) and of 66 xg/ml
DAU by CZE-MS (B).

Conclusion

The possibility of analyte focusing using on-line ITP-CZE-MS is demonstrated. Enenatio-
mer CZE separation and mass spectrometric confirmation in the analysis of DOX and EPI is
realised. An improvement in detectability of at least a factor 200 is achieved in the analysis of
DAU. Although in the ITP-CZE-MS mode the concentration of the anthracyclines is lowered
a factor 5 - 200 still some overloading of the CZE could be seen.
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Automated Isotachophoretic Analyte Focusing for Capillary Zone
Electrophoresis in a Single Capillary using Hydrodynamic Back-
pressure Programming

Abstract

An automated isotachophoretic (ITP) analyte focusing procedure prior to capillary zone
electrophoresis (CZE) is described. The ITP focusing step is carried out in the same capillary
as the zone electrophoresis. Hydrodynamic backpressure programming results in a reduction
of the effects of the electroosmotic flow rate during the ITP step and enables the removal of
terminating buffer before the zone electrophoretic run is started. The characteristics of this on-
line focusing procedure are studied for several anionic test compounds.

Introduction

Capillary electrophoresis (CE) has become an important separation technique complemen-
tary to high-performance liquid chromatography (HPLC). Several reviews have described the
role of capillary electrophoretic separation methods in analytical chemistry [1-3]. Improve-
ments in detection techniques resulted in detection of extremely low amounts of analyte. Nev-
ertheless, owing to the small dimensions of the separation system and the small injection vol-
umes, the corresponding concentration detection limits are relatively high.

Different on- and off-line methods to improve the determination limits in CE have been
described. Off-line sample pretreatment and preconcentration, such as concentrating liquid-
liquid or solid phase extraction, offers flexibility in the choice of buffers and the amount of
sample to be pretreated. These procedures are laborious and time consuming. On-line sample
pretreatment offers the possibility of automation but has some restrictions with respect to the
following step in the analytical method. Examples of on-line sample pretreatment and/or pre-
concentration are the combination of LC-CE [4-6] and ITP-CZE [7-10].

An elegant way of lowering the detection limits that is typical for zone electrophoretic sep-
arations, is the application field amplified on-capillary sample concentration or stacking. This
can be done in several ways, by using low conductivity sample buffers, by using sample self
stacking, by addition of an electrolyte to the sample enabling a transient isotachophoretic pre-
concentration or by combining some of these methods [11-16].



118 Chapter 3.1

In this paper we describe a procedure for the automated coupling of ITP with CZE using a
single open capillary in a commercially available electrophoresis system without modification
of the system. By using hydrodynamic backpressure programming during the focusing step the
terminating buffer could be removed before the CZE step resulting in highly efficient separa-
tions.

Experimental

Untreated fused silica (100 um ID, SGE, Ringwood, Victoria, Australia) and UV transparent
(75 um 1D, Polymicro Technologies Inc., Phoenix, AZ, USA) capillary was used. A program-
mable injection system for capillary electrophoresis (PRINCE, Lauerlabs, Emmen, The Neth-
erlands) equipped with a reversible polarity power supply and possibility for pressurised and/or
electrokinetic injection was used for the analyte focusing process.

On-capillary LIF detection took place using a water-cooled argon-ion laser (2025-03, Spec-
tra-Physics Inc., Mt. View, CA, USA) lasing at multiple wavelengths of 351.1 and 363.8 nm
at 20 mW for excitation. The excitation wavelengths were filtered through a 350 nm bandpass
filter (10 nm bandwidth). Fluorescence light was transported to the photomultiplier tube (PMT)
through a liquid light guide (1000 x 5.0 mm ID, #77556 Oriel, Stratford, CT, USA) equipped
with a plano convex fused silica lens (D 11 mm, focal length 19 mm, Oriel, model 41210) at
each end. The fluorescence light was directed onto a 450 nm band pass interference filter (10
nm bandwidth, type 53830 Oriel) for ortho-phthaldialdehyde derivatives or onto a 525 nm in-
terference filter (10 nm bandwidth) for fluorescein and analogues. The PMT (Model 9635A,
Thorn EMI, Ruislip, Middlesex, UK) was operated at 800 V (power supply model 244,
Keithley Instruments Inc., Cleveland, OH, USA).

The signal was amplified by a current amplifier (model 427, Keithley Instruments Inc.) and
registered on a chart recorder (Kipp & Zn, Delft, The Netherlands) or digitised using a custom-
made 12-bit A/D converter operating at a frequency of 20 Hz. The A/D converter was con-
nected to a computer (Atari Mega ST4, Atari Corp., Sunnyvale, CA, USA) controlling the
sampling frequency of the converter and the data handling.

Chemicals

Phosphoric acid, bariumhydroxide, glutamic acid (Glu), aspartic acid (Asp), and bromophe-
nol blue were from Merck (Darmstadt, FRG). Sodium cacodylate and fluorescein (F) was pur-
chased from Janssen Chimica (Beerse, Belgium). Hydroxypropylmethylcellulose (HPMC)
came from Sigma (St. Louis, MO, USA). The viscosity of a 2% aqueous HPMC solution was
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4000 cP. Fluoresceinisothiocyanate isomer | (FITC), ortho-phthaldialdehyde (OPA) and mer-
captoethanol (ME) were from Aldrich Chemie (Steinheim, Germany). In all experiments de-
ionised water was used (Milli-Q system, Millipore, Bradford, MA, USA).

OPA derivatives of amino acids were made by adding 1 ml of amino acid dissolved in lead-
ing buffer to an OPA solution of 1 mg/ml in leading buffer containing 0.1% ME. Unless men-
tioned otherwise the OPA derivatives were analysed after 5 min. Sample solutions of fluores-
ceins were made in leading buffer unless mentioned otherwise.

injection detection

Fig. 1. Schematic representation of ITP-CZE in a single capillary. The leading buffer (L) is
also used as electrophoresis buffer in the CZE step. The terminator buffer (T) is removed
from the capillary in step 3. See text for further details.



120 Chapter 3.1

Results and discussion

Analyte focusing after hydrodynamic sample introduction

A discontinuous buffer system is used to enable isotachophoretic sample preconcentration
(Fig. 1). The capillary and ITP anode vial (which is also the CZE cathode vial) are filled with
leading buffer consisting of 10 mmol/l sodium phosphate at a pH of 9.4.

To the leading buffer 0.05% (w/v) of HPMC is added. The HPMC only reduced the elec-
troosmotic flow in the fused silica capillary to such an extent that acceptable preconcentration
runs could be made. The leading buffer is also used as CZE buffer.

Step 1. Injections are made hydrodynamically at a pressure of 10 - 600 mbar. After injection
a terminating buffer vial with 10 mmol/l sodium cacodylate buffer of pH 8.2 containing 0.05%
HPMC (w/v) is placed at the capillary inlet. For the analysis of OPA derivatives the pH is
raised to 9.4 using Ba(OH)a.

Step 2. The analyte focusing started by applying a voltage of -25 kV in conjunction with a
hydrodynamic backpressure of 40 mbar. This negative voltage resulted in an electroosmotic
flow in the direction of the capillary inlet. To prevent the analyte from migrating out of the
capillary a hydrodynamic backpressure is applied. Because of the self correcting properties of
the ITP zones the hydrodynamic backpressure did not result in peak broadening. This is in
contrast to field-amplified injection techniques where electroosmotic convections are a major
source of peak broadening for large injection plugs [11].

Step 3. After 5 - 20 min of focusing, depending on the injected volume, the cacodylate buffer
vial is replaced for the CZE buffer vial. A voltage of -20 kV is applied without a hydrodynamic
backpressure. Since the capillary still contains cacodylate buffer, this step is carried out under
real isotachophoretic conditions, although a vial with phosphate buffer is placed at the termi-
nator end. The sample zones are sandwiched between the anodic leading buffer and terminating
buffer plug which is in the capillary. The electroosmotic flow rate is higher than the mobility
of the phosphate ions in the vial at the terminator end thus preventing these ions from entering
the capillary. Simultaneously the plug of terminating buffer is removed out of the capillary. It
is important for the next step that the CZE buffer vial is already in position.

Step 4 and 5. At the time that the sample zone is approaching the capillary inlet the voltage
is reversed and the CZE run is started at a positive voltage of 30 kV. The correct timing of the
voltage switching is important. When the ITP process is continued too long, the sample zones
will migrate out of the capillary into the inlet buffer vial. If the voltage is switched too early a
plug of terminating buffer is still in the capillary and will disturb the homogeneity of the electric
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field necessary for CZE resulting in peak broadening. Initially bromophenol blue is used as a
visible marker. When reproducible ITP run times are measured automated programming is ap-
plied and the marker could be omitted. When the use of a visible marker is inconvenient be-
cause of hardware incompatibility, timing can be done by monitoring the current. Applying a
constant voltage the current increases as long as the terminating ions leave the capillary.

In principle all terminating ions and sample ions with mobilities below that of the analyte
ion can be removed by the described procedure. This is an important difference from transient-
like isotachophoretic preconcentration [12, 15]. Another advantage of focusing under isotacho-
phoretic conditions using a hydrodynamic backpressure is that the time needed for focusing
can be in principle as long as necessary for a given analysis without peak broadening or loss of
analyte. An optimum can be found between the determination limit of an analyte for a given
injection volume and the time needed for focusing.

The analyte focusing is studied for OPA derivatives of Glu and Asp derivatised before in-
jection. The derivatives have an excitation maximum at 340 nm fitting with the 351.1/363.8
nm lasing wavelengths of the argon ion laser. The laser beam is filtered with a 350 nm bandpass
filter before focusing onto the capillary. This reduced the background at 450 nm, the emission
maximum of the OPA derivatives, considerably. Because OPA derivatives are not stable in
time [17], some characteristics of the system are investigated with F and FITC. These com-
pounds are native fluorescent with an excitation maximum around 490 nm. Although this ex-
citation maximum fits perfectly with the 488 nm lasing wavelength of the argon ion laser, a
good signal is obtained using the 351.1/363.8 nm lasing wavelengths for excitation. For con-
venience reasons the laser optics are not changed and all experiments are done using the same
laser system, except for the emission wavelength which is 525 nm for the fluoresceins. The
effect of analyte focusing is compared with CZE runs without focusing.

Loadability and linearity for OPA derivatives

When analyte focusing is carried out for injection volumes similar as for CZE runs, the
improvement in detectability is limited (Fig. 2A and B).
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Fig. 2. Electropherograms of a mixture of 200 ng/ml OPA derivatives of Phe (1), Glu (2) and
Asp (3). An injection volume of 70 nl using CZE (A) compared with 70 nl (B) and 350 nl (C)
using ITP-CZE. A 700 x 0.1 mm fused silica capillary is used. The derivative of Phe had a
lower mobility as the terminator and is removed from the capillary in ITP-CZE.

An explanation for this effect is that in CZE the analytes migrate through a background
electrolyte while in ITP the analytes are sandwiched as distinct zones between a leading and
terminating electrolyte. In ITP-CZE when the focusing procedure has been completed and the
CZE is started a mixing of the analyte zones with the background electrolyte occurs. This re-
sults in some band broadening and dilution. In Fig. 2B the ITP preconcentration of analyte is
levelled by this mixing process resulting in comparable peak heights. Fig. 2C shows that in-
creasing the injection volume with a factor 5 results in an increase of signal with a factor 5.
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Fig. 3. Effect of the injection volume on the analysis of a derivatization mixture of 1 pg/ml
Glu (1) and Asp (2) with OPA. The injection volume is increased from 0.2 pl (A), 0.7 ul (B),
1.4 ul (C) to 2.4 ul (D). A 700 x 0.1 mm fused silica capillary is used.
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Fig. 4. The peak height of Asp (closed box) increases while the peak widths of Asp (closed
dots) and Glu (open dots) remain the same at increasing injection volume. The peak height of
Glu (open box) shows an optimum. The peak width is given as half the peak width measured
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at 60% of the peak height. The corresponding electropherograms are shown in Fig. 3.

Fig. 3 and 4 show that the capillary can be filled for 50% (2.4 pl) without band broadening.
For the OPA derivative of Glu there is an optimum in the loadability with respect to peak
height, while the peak height of the Asp derivative does not increase linearly with the injection
volume. At larger injection volumes longer focusing times are necessary resulting in degrada-
tion of the unstable derivatives. The focusing time increased from 4 min for 0.2 pl to 20 min
for 2.4 pl injection volume. To eliminate these effects we studied the loadability, linearity and
reproducibility with F and FITC.

Loadability, linearity and reproducibility for fluoresceins

F and FITC are more stable than OPA derivatives under alkaline conditions. FITC is a well
known fluorescent probe for the derivatization of amines. The reaction products are usually
anionic because of the charges on FITC. It is therefore expected that reaction products can be

analysed in a similar way using ITP-CZE.
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Fig. 5. Loadability in ITP-CZE of a mixture of FITC (1) and F (2) at a concentration of 500
ng/ml in leading buffer. Injection volume is 14 nl (A), 140 nl (B), 750 nl (C) and 1500 nl (D).
The peak height of F and the peak area of F and FITC showed a linear increase with the in-
jection volume. A 700 x 0.075 mm fused silica capillary is used.

As can be seen from Fig. 5 the increase of detectability of F corresponds to the increase of
injection volume. The total analysis time for the CZE run is 10 min, while the ITP-CZE run
took 20-24 min. This included a flush of 1 min with 10 mmol/l KOH, 1 min with leading buffer
and an ITP focusing step of 10 min. The flushing is necessary to get reproducible migration
times.
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Loading of the capillary with large sample plugs changes the condition of the capillary wall
especially when a dynamic coating of HPMC is used. In case of relatively clean samples and
constant injection volumes this resulted in a small shift in the migration time. However, when
the injection volumes are increased the effects on the capillary wall are more severe.
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Fig. 6. The effect of the focusing time on the performance in ITP-CZE of a mixture of 50
ng/ml FITC (1) and F (2). Injection volume is 1.5 pl. A 700 x 0.075 mm fused silica capillary
is used. The focusing time is increased from 1.8 min (A), 4.5 min (B), 10 min (C), 18 min (D)
to 34 min (E).

In Fig. 5 the migration times in the CZE step increased with ca. 65% for both analytes. In
the study of fluoresceins a buffer of pH 8.1 is used implying that at longer focusing times the
pH in the capillary decreases. As a result the electroosmotic flow in the CZE decreased result-
ing in increased migration times. This shift is not seen for the OPA derivatives (Fig. 3). For the
OPA derivatives a terminator buffer at the same pH as the leading buffer (pH 9.4) is used. The
use of a buffering counter ion (i.e. Tris) is therefore advisable. However, for our test com-
pounds the CZE performance is better with sodium phosphate buffer.

In Fig. 6 the effect of the focusing time on the performance in ITP-CZE is demonstrated. A
focusing time of less than 5 min results in a loss in signal because of incomplete focusing.
Increasing the focusing time from 10 to 34 min did not result in a change in resolution or
efficiency. This is an important observation because it demonstrates that band broadening is
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independent of time in the focusing procedure although a hydrodynamic backpressure is used.
Everaerts et al. used a counterflow of electrolyte in ITP to increase the effective length of the
separation system [18]. They measured a considerable disturbance when the counterflow is
higher than 30% of the mobility of the sample zones is applied. They concluded that the optimal
counterflow depended on amongst other things on the capillary diameter, the viscosity and the
temperature in the capillary. In our ITP-CZE system no peak broadening is seen at a backpres-
sure which is 100% of the analyte mobility. In principle this means that the effective length of
our ITP system has been increased to infinity. However, the analysis time increases similarly.
Therefore, an optimum has to be found between the injection volume, the complexity of the
sample, the determination limit and the time needed for focusing of large injection plugs.

Table 5. Reproducibility of peak heights and areas of 5 CZE runs and 5 ITP-CZE runs. Hy-
drodynamic injections of 30 nl and 1.7 4 are used for CZE and ITP-CZE respectively. CZE
concentrations are 1.0 and 0.5 xg/ml for F and FITC respectively. The concentrations in
ITP-CZE are a factor of 100 lower.

height RSD (%) area RSD (%)

CZE ITP-CZE CZE ITP-CZE
F 8.4 9.8 35 6.5
FITC 8.6 18 53 5.3
ratio F/FITC - - 4.6 4.8

The reproducibility in CZE and ITP-CZE is studied for a mixture of FITC with F. The peak
areas gave better results than peak heights in both CZE and ITP-CZE (Table 5). The relative
standard deviation (RSD) in peak areas for CZE is 3.5% and 5.3% for F and FITC respectively,
the RSD in peak heights is 8.4% and 8.6% respectively. For ITP-CZE a RSD in peak areas of
6.5% and 5.3% is measured, these values are 9.8% and 18% for the peak heights of F and FITC
respectively. When the ratio of peak areas is used an RSD of 4.6% in CZE and of 4.8% in ITP-
CZE is found. The improvement in RSD’s for peak area ratios demonstrate the necessity of the
use of an internal standard in quantitative analysis with ITP-CZE.

The linearity of the method is studied at a concentration level just above the detection limit.
Calibration plots are made for FITC between 0.2 and 18 ng/ml. F is used as internal standard
at a concentration of 25 ng/ml. The peak area ratios are used for linear regression.

Table 6 shows the linear regression data calculated as described by Miller [19].
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Table 6. Regression data for ITP-CZE of FITC using F as an internal standard. A 700 x
0.075 mm fused silica capillary is used with an injection volume of 1.7 pl. Weighting factors
are not used. Calibration is carried out with 5 different concentrations with constant concen-
tration intervals of 0.4 ng/ml for the low concentration range and 4.0 ng/ml for the higher
concentration range.

Range Slope SD Intercept SD Correlation
(ng/ml) coefficient
02-18 0.137 0.010 -0.012 0.01 0.985
20-180 0.142 0.015 0.020 0.15 0.965

Practical considerations

Several practical aspects are of importance for the applicability of the method to analyses in
complex matrices such as urine or plasma samples.

First, a separation window exists in the ITP step within which the analyte of interest is fo-
cused. This separation window is an important tool in sample cleanup and can be tuned by the
choice of the leading and terminating buffer. In literature numerous ITP systems have been
described [18].

The anions that are faster than the leading buffer ions are migrating into the separation ca-
pillary already during the ITP step. lons with lower mobilities than the terminator ions, includ-
ing neutrals and cations, are removed from the capillary in the ITP step resulting in a consid-
erable sample cleanup. It is therefore important to choose a favourable set of buffers i.e. a
leading buffer with a high mobility to reduce the number of matrix anions with a higher mo-
bility. The electrophoretic mobility of the terminator buffer should be as close to the mobility
of the analyte as possible. The pH of the buffers is often an important parameter for fine tuning
the mobilities of the analytes and the buffer ions.

Secondly, the separation order of anions in ITP is reversed with respect to CZE. Anions with
a high electrophoretic mobility migrate after focusing and reversal of the voltage, through the
analyte zones with a lower electrophoretic mobility. In the analysis of for instance urine sam-
ples the possibility exists that a zone of matrix ions migrates as a spacer between two analyte
zones. Depending on the zone length of the matrix ions the migration times in CZE may change.
In case of clean samples as described above, no difference in migration times in ITP-CZE with
respect to CZE has been observed.

Due to the fact that a low concentration of analyte (i.e. nanomolar range) is concentrated in
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the ITP step approximately to that of the leading buffer ions (i.e. millimolar range), the starting
zone length will be reduced from decimeters to micrometers. A mixing of zones occurs as soon
as the ITP has been ended and the CZE has been started, which is caused by diffusion, convec-
tion and of dilution with background electrolyte. As a result, although strongly concentrated
the analyte ions start in the CZE process more or less as one mixed zone. In biological samples,
however, a number of ions is present in a much higher concentration. Depending on their mo-
bilities and of the separation window these matrix ions may act as spacers for analyte ions.
After switching from the ITP to the CZE mode the analytes start the CZE run at different po-
sitions in the capillary resulting in different migration lengths. In these cases a sample pretreat-
ment might be necessary to obtain reproducible results. On the other hand, an excess of spacer
ions can be added deliberately to the sample to improve the resolution in ITP-CZE separations.

Finally, in the ITP step a hydrodynamic backpressure is levelling the electroosmotic flow
rate. If switching takes place on a time basis, fluctuations in either one of them would result in
decreased reproducibility. It is therefore of crucial importance that the pressure can be moni-
tored and controlled accurately during the process, which is the case in the described system.
Furthermore, the electroosmotic flow should not change from run to run. A constant pH is
important with respect to the electroosmotic flow rate and it is therefore advisable to use a
buffering counter ion. Injection of large sample plugs of a different pH may cause local changes
in the electroosmotic flow. In these cases the samples should be brought at pH or pretreated.
The same accounts for samples with large differences in salt concentration. As a consequence
the method will be suitable especially for analysis in a well-defined, constant matrix with re-
spect to pH and salt concentration, such as plasma.

It is expected that if instead of timing, the current is monitored to determine the moment to
switch from the ITP to the CZE step, the reproducibility will improve (Chapters 3.2 - 3.4).

Conclusion

An automated procedure is described for the isotachophoretic preconcentration of low con-
centrations of analyte using ITP-CZE in a single capillary in combination with hydrodynamic
backpressure programming. The described method is reproducible and linear at low concentra-
tions. An improvement in determination limit of more than a factor of 100 with respect to CZE
has been demonstrated. The increase of loadability is only limited by the capillary volume. An
optimum has to be found between the injection volume, the determination limit and the time
needed for focusing of large injection plugs.
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3.2

Strategy for Setting Up Single Capillary Isotachophoresis - Zone
Electrophoresis

Abstract

A strategy is described for the optimisation of capillary zone electrophoresis (CZE) with
isotachophoretic (ITP) preconcentration in a single capillary set-up. CZE with indirect UV ab-
sorbance detection is used as a tool in setting up ITP-CZE. The electropherograms obtained
with indirect detection give immediate insight in the migration order of possible leading and
terminating ions and of the analyte ions. Furthermore, information is obtained on the ionic
composition of the sample matrix. The separation window in the ITP step can be chosen in
such a way that a sample cleanup is achieved before zone electrophoresis is started. The de-
scribed approach is applicable for setting up an ITP-CZE analysis in the cationic as well as in
the anionic mode. The usefulness of the strategy is illustrated by setting up ITP-CZE of three
cationic antimuscarinic drugs. Applying the developed strategy, combined with a liquid-liquid
extraction, concentrations of homatropine and scopolamine down to 100 ng/ml could easily be
determined.

Introduction

One of the challenges in the application of CZE separations in the analysis of biological
samples is to reach for relevant determination limits. For a number of drugs this means that
concentrations in the nanomolar range or lower have to be measured. To take full advantage of
the separation power of CZE for trace analysis in biological samples two approaches are con-
sidered to improve the determination limits. One of the approaches is to increase the detection
sensitivity. Several highly sensitive detection systems such as laser induced fluorescence de-
tection and electrochemical detection have been described [1-3]. However, these detection sys-
tems are only applicable to those analytes showing the proper detection characteristics or can
be applied after a derivatisation procedure. Especially for analyte concentrations at or below
the nanomolar level derivatisation procedures are liable to involve artefact formation [4].

Another approach to improve the determination limits in CZE is to increase the sample
loadability of the system. For reasons of separation efficiency injection volumes in CZE are
usually not higher than 1% of the total volume of the separation system. This means that the
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injection volumes are in the range of 0.1 - 70 nl. Although absolute detection limits of
femtomoles seem very impressive, the corresponding sample concentration detection limits are
in the micromolar range which is at least a factor 1000 away from trace analysis. One way to
increase the loadability of the CZE system is to apply off-line concentrating sample pretreat-
ment methods such as the use of extraction procedures in combination with an evaporation
step. In these procedures millilitres of sample can be pretreated, concentrated and analysed.

Electrophoretic analyte focusing techniques provide an elegant way to increase the loadabil-
ity in CZE. These focusing techniques such as the coupling of ITP with CZE and field amplified
injection procedures are based upon the application of local differences in electrical field
strength during the injection or the focusing step to enable stacking of the analyte ions [5-14].
The coupling of ITP with CZE has been described by several authors [5-10]. Improvements in
determination limits up to a factor of 1000 have been reported. In a recent publication we de-
scribed the possibility of automated ITP-CZE for anionic separations in a single capillary using
backpressure programming [15]. Sample volumes up to 55% of the total capillary volume are
focused isotachophoretically and analysed in the CZE step. A hydrodynamic pressure is used
for removal of the terminator buffer before the zone electrophoresis is started. The isotacho-
phoretic conditions prevented excessive zone broadening. The procedure is reproducible, quan-
titative and automated.

In this Chapter a strategy is described for anionic and cationic separations using ITP-CZE
in asingle capillary. A total of four focusing procedures are described, two for each ionic mode.
In both ionic modes the CZE run can take place either in the leading or in the terminating
buffer, depending on the configuration used. The choice of the leading and terminating buffer
ions, which defines the actual separation window, is made after analyte and matrix analysis by
CZE using indirect detection. Three antimuscarinic (atropinic) drugs, neostigmine, homatro-
pine and scopolamine [16] are used as test compounds.

Experimental

Apparatus

Untreated fused silica (100 um ID, SGE, Ringwood, Victoria, Australia) capillary was used.
A programmable injection system for capillary electrophoresis (PRINCE, Lauerlabs, Emmen,
The Netherlands) equipped with a reversible polarity power supply and possibility for pressur-
ised and electrokinetic injection was used for the analyte focusing process.
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On-capillary UV absorbance detection took place using a Spectra 100 UV/VIS detector
(Spectra-Physics Inc., Mt. View, CA, USA). The signal was registered on a chart recorder (BD
40, Kipp & Zn, Delft, The Netherlands).

Chemicals

Scopolamine hydrobromide, homatropine hydrobromide and neostigmine bromide came
from Sigma (St. Louis, MO, USA). Crystal violet, triethylamine (TEA) (99%), diethanolamine
(DEtOHA) (99%), triethanolamine (TEtOHA) (97%), 2,4,6 collidine (2,4,6 trimethylpyridine)
(99%), and pyridine (99%) were from Janssen Chimica (Beerse, Belgium). Phosphoric acid,
tri(hydroxymethyl)aminomethane (TRIS), lithium hydroxide, sodium hydroxide, potassium
hydroxide, ammonium acetate were obtained from Merck (Darmstadt, FRG). Dichloromethane
(99%) came from Baker BV (Deventer, The Netherlands). In all experiments deionised water
was used (Milli-Q system, Millipore, Bradford, MA, USA).

Extraction of spiked plasma and urine samples

The extraction procedure used was similar to the procedure described for atropine [17].
Stock solutions of 1 mg/ml scopolamine hydrobromide, homatropine hydrobromide and ne-
ostigmine bromide were made in water and kept frozen (253 K) until use. Dilutions of the drugs
were added to 225 pul of untreated blank plasma and urine from healthy volunteers until a final
volume of 250 pl. The pH was increased by adding 50 pl of 1 mol/l lithium hydroxide. The
samples were extracted by adding 600 ul of dichloromethane followed by 1 min vortex mixing.
The samples were centrifuged for 5 min at 1000 x g. Then the upper layer was discarded, 500
pl of the lower layer was transferred to another vial and evaporated to dryness under reduced
pressure using an evaporation centrifuge (Speedvac SVC 100H, Savant Instruments Inc., Farm-
ingdale, NY, USA). After evaporation the samples were dissolved in 500 pl of terminating
buffer for ITP-CZE or CZE buffer for CZE analysis.

Analyte focusing

The analyte focusing procedure of the three antimuscarinic drugs consisted of five steps
(Fig. 1A).
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injection detection injection detection

Fig. 1. Schematic representation of the ITP-CZE procedure for cations (A) using the leading
buffer (L) as CZE background electrolyte in combination with a negative backpressure (ar-
rows), and (B) using the terminating buffer (T) as CZE background electrolyte and a positive
backpressure. A reversal of the voltage is necessary in procedure (B).

Step 1. After filling the capillary and the ITP cathode vial with leading buffer, the capillary
was loaded with sample.

Step 2. The sample vial was replaced by the anode vial containing terminating buffer. The
ITP was started and a hydrodynamic backpressure was applied to counterbalance the migration
velocity of the analyte ions.

Step 3. When the focusing process was completed the voltage was switched of and the vial
with terminating buffer was replaced for a vial with CZE buffer which was the same as the
leading buffer. The voltage was turned on with a similar hydrodynamic backpressure but with
a lower voltage than used in step 2. As a result the highly concentrated plug of analyte cations
was moving into the direction of the capillary inlet.

Step 4. When the concentrated analyte ions approach the capillary inlet the hydrodynamic
backpressure was switched off and the CZE (Step 5) was started.
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Results and discussion

In each ionic mode of ITP-CZE the CZE step can take place in either the leading or the
terminating buffer resulting in four analyte focusing procedures (Fig. 1 and 2). The ITP-CZE
procedure which will be applied for the cationic test compounds as given in Fig. 1A, will now
be discussed. The differences with the other three procedures will be indicated rather than dis-
cussing all procedures in detail. The procedure for ITP-CZE of anions as given in Fig. 2B has
been described in detail elsewhere [15].

Analyte focusing

When during the focusing step (step 2) a positive voltage is applied at the capillary inlet the
analyte cations will migrate in the direction of the cathode because of the electrophoretic and
electroosmotic mobility.

injection detection injection detection

Fig. 2. Schematic representation of the ITP-CZE procedure for anions (A) using the terminat-
ing buffer (T) as CZE background electrolyte in combination with a negative backpressure
(arrows), and (B) using the leading buffer (L) as CZE background electrolyte and a positive
backpressure. A reversal of the voltage is necessary in procedure (B).
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A hydrodynamic pressure is applied to counterbalance the migration velocity of the analyte
ions. In contrast to conventional ITP the analyte ions are not moving into the capillary during
the focusing step but they are concentrated and fixed on a position in the capillary by the hy-
drodynamic backpressure. The terms positive and negative backpressure have been used to
describe the direction in which the hydrodynamic backpressure is applied. A positive back-
pressure induces a flow into the direction of the detector and a negative backpressure results in
a flow in the opposite direction.

In step 3 the highly concentrated plug of analyte cations is moving hydrodynamically into
the direction of the capillary inlet. Zone broadening is counteracted by the isotachophoretic
conditions that still exist. The plug of terminating buffer which is still in the capillary is re-
moved at the capillary inlet.

A critical point in the procedure is the timing of the moment to switch off the hydrodynamic
backpressure (step 4) and to start the CZE (step 5). This is done at the moment the analytes are
about to exit the capillary. When the CZE step is started too early the remaining plug of termi-
nating ions causes an inhomogeneous electric field and influences the efficiency and migration
times in the CZE step. When the CZE step is started too late the analyte ions have left the
capillary. In the first few runs a visible dye is used for precise timing of the moment that the
sample ions are near the capillary inlet. When reproducible migration times in the focusing step
are obtained the procedure can be automated and the dye is not longer needed. Timing is also
possible by monitoring the increase of current during step 3. The plug of terminating buffer
raises the total resistance of the capillary which means that at constant voltage the current in-
creases until the terminating buffer has left the capillary.

The procedures for ITP-CZE using negative backpressure (Fig. 1A and 2A) differ from
those using positive backpressure (Fig. 1B and 2B) in that in step 3 the backpressure is in-
creased to mobilise the focused sample zone in the direction of the capillary inlet. In step 4 the
backpressure is reduced to zero and the CZE run is started without reversal of the voltage. This
means that the migration order of ions is the same in the ITP and CZE step. In the procedures
with reversal of the voltage also a reversal of the migration order of the analyte ions takes place
when switching from ITP to CZE. This phenomenon did not affect the efficiency or resolution
in ITP-CZE with respect to CZE separations of relatively clean samples [15].
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ITP as sample cleanup for CZE

The choice of the buffer system determines to what extent the ITP focusing step can be used
in sample cleanup for the CZE analysis. In Fig. 3 a summary is given of the different focusing
steps in ITP-CZE. The migration direction of the ions with a lower mobility than the terminat-
ing ions is either in the direction of the capillary inlet or in the direction of the detector. Obvi-
ously, with respect to sample cleanup, the cationic mode with negative backpressure (Fig. 1A,
3A) and the anionic mode with positive backpressure (Fig. 2B, 3C) are favourable. In both
cases the ions with a lower mobility than the terminating ions, including the neutrals and the
counter ions, are removed and diluted in the inlet vial during the focusing step.

injection detection

Fig. 3. The migration direction of the neutrals and counter ions (C*, C°) in the focusing step
(Fig. 1 and 2, step 2) of the ITP-CZE procedure. Situation (A) and (C) are favourable with
respect to sample cleanup.

The focusing step is completed when all ions move isotachophoretically under steady state
conditions [18]. The more complex a sample is with respect to ion composition and ionic
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strength the more time it takes to reach a true isotachophoretic state. Therefore, a sample pre-
treatment before the ITP-CZE step that results in a decrease of ionic strength of the sample
matrix, will reduce the focusing time in ITP-CZE. In case of large variations in the composition
of sample matrix (i.e. urine) a pretreatment step is likely to improve both the reproducibility
and the efficiency in ITP-CZE. These aspects will be demonstrated below where a strategy is
given and discussed for setting up an ITP-CZE system for the three cationic test compounds.

Choice of the CZE huffer

The first step in the optimisation procedure for ITP-CZE will always be the optimisation of
the CZE step. Several papers are available describing CZE separations and methods for opti-
misation [1-3]. However, in ITP-CZE the CZE buffer will also be a leading (or terminating)
buffer. This will influence the choice of the background electrolyte for CZE.

With respect to sample cleanup it is favourable to use the leading buffer as background
electrolyte in CZE. Another aspect in favour of using the leading buffer is concerning the band
broadening caused by conductivity differences between the sample zones and the background
electrolyte [19].

When a highly concentrated sample zone after the focusing step is switched to zone electro-
phoresis, band broadening takes place because of differences in conductivity of the sample
zone and the background electrolyte [15]. The sample zone itself is disturbing the homogeneity
of the electric field in the electrophoresis tube. Zone broadening because of differences in con-
ductivity is described by equation (1):

dz = L/x dx Q)

where dk is the conductivity difference between the sample zone and the background electro-
Iyte, « is the conductivity of the background electrolyte, L is the electrophoretic migration
distance and dz is the zone broadening because of the conductivity difference [19].

From egn. (1) it can be seen that when the sample zone has approximately the same con-
ductivity as the terminator zone, using the terminating buffer as background electrolyte will
result in less electromigration dispersion. The same holds for the leading buffer. Using the
leading buffer as background electrolyte will result in less electromigration dispersion when
(ks - x1) / kL < (s - k1) / 7 Which is the case when
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where ks, Kkt and k. are the absolute values of the conductivity of the sample zone, terminating
buffer and leading buffer respectively. When k. >> k1 eqn. (2) becomes ks > 2t which implies
that in many cases the leading buffer will be favourable as background electrolyte.

Addition of selectivity enhancing compounds to the background electrolyte is allowed as
long as those additives are non-ionic (i.e. non-ionic detergents, non-ionic complex forming
agents, organic modifiers). In case of ionic additives care must be taken that those additives do
not disturb the isotachophoretic conditions.

The ionic strength of the CZE buffer should be chosen so that the concentrating properties
in the ITP step are high, but not so high that the analyte precipitates (e.g. 5 - 100 mmol/l). The
pH of the CZE buffer affects the electroosmotic flow rate which influences the efficiency of
the ITP step. A high electroosmotic flow rate will result in a mixing of zones in ITP. Therefore,
at high pH additives are used that reduce the electroosmotic flow rate such as hydroxypropyl-
methylcellulose (HPMC).

In conventional CZE the background electrolyte should have buffering capacity to maintain
a constant pH during separation. In ITP and ITP-CZE the counter ion should have this buffering
capacity. In the steady state conditions in ITP the analyte ions are focused between the leading
and terminating ions. The counter ions are present throughout the separation tube. This means
that the best way to buffer the system is by means of the counter ions.

The most important parameters in the initial conditions of the CZE background electrolyte
will be the choice of pH, the buffering counter ions and the additives used. The choice of the
leading and terminating ion can be made after studying the ITP separation window. In the ITP-
CZE analysis of the cationic test compounds the migration order of analyte, leading and termi-
nating ions is not changed by switching from triethylamine to sodium as leading ion. However,
changing the pH, the percentage of organic modifier or buffering counter ion might affect the
migration order.
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The ITP separation window

One of the advantages in ITP-CZE is that the majority of the matrix constituents can be
removed in the focusing step. When maximum sample cleanup is desired a system is chosen
where the CZE step takes place in the leading buffer (Fig. 1A, 2B, 3A and 3C).
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Fig. 4. Electropherograms of (A) a mixture of cations (2.5 mmol/l in background electrolyte),
(B) human plasma (1:19 diluted in background electrolyte) and (C) human urine (1:19 di-
luted in background electrolyte). A voltage of 25 kV (4.7 pA) is applied over the 900 x 0.1
mm separation capillary. Indirect UV absorbance detection took place at 550 mm from the
injection end at 200 nm using a 10 mmol/l collidine buffer brought at pH 8.0 using phos-
phoric acid. Injection is performed hydrodynamically using 10 mbar for 6 s (A) or electroki-
netically at 6 kV for 6 s (B, C). The cationic mixture consisted of ammonium (1), potassium
(2), sodium (3), lithium (4), TEA (5), DEtOHA (6), TRIS (7) and TEtOHA (8). At 4 min a sys-
tem peak appeared together with the electroosmotic flow marker (acetonitrile).

Matrix ions with a higher mobility than that of the leading ions are in this case migrating
into the separation capillary, already during the focusing step. When such ions are present in
the matrix at a high concentration then it is advisable to use them as leading ions. Otherwise
they may cause an inhomogeneity in the electrical field during the CZE run. When these ions
give a strong signal in the detection system they usually cannot be used as leading ions and
should be trapped within the ITP separation window.

For the optimisation of the ITP-CZE it is necessary to have information on the ionic com-
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position of the sample matrix. A conventional CZE system with indirect UV absorbance detec-
tion [20] is particularly suitable as a screening method for the main matrix components (Fig.
4).

With respect to sample cleanup the terminating ion should be chosen so that the mobility is
just below that of the analyte ion with the lowest mobility.

Choice of the leading and terminating buffer

Several reviews on ITP are available containing buffer systems and ionic mobilities of com-
pounds which are most helpful in setting up an ITP-CZE separation [18, 21]. The ionic mobility
of a compound is defined as the electrophoretic mobility of the compound when it is fully
ionised. For ionic compounds such as sodium and chloride tabulated values can be used without
correction for pH. For weak acids and bases the effective electrophoretic mobility (m) can be
calculated using the relationship between the ionisation fraction and the ionic mobility [21].
This relationship is given by:

Mpa = 0a-My- 3

for compounds with one pKa, where ma™ is the ionic mobility and a.a™ the molar fraction of HA
that is in the ionic form. For dibasic acids eqn. (3) becomes:

Mya=0, M, +0,Mm,; 4)
The ionic mobilities are given by maz- and mua..

Equations (3) and (4) correct for the fraction of the compound that is not in the ionic form.
Only the ionised fraction contributes to the electrophoretic mobility of an ion. Using the con-
ditions in Fig. 4A for TRIS the effective mobility is calculated to be 1.55 10 m? V-1 st (mi-
gration time 3.40 min, electroosmotic flow marker 4.05 min, the electrical field strength of 25
kV per 90 cm, at pH 8.0). According to eqn. (3) an effective mobility of 1.48 108 m? V-1s? is
expected, which is close to the measured effective electrophoretic mobility (tabulated value for
the ionic mobility of TRIS of 2.95 108 m? V! s [21], pKa of TRIS is 8.0). In the same system
sodium which is always fully ionised, has an effective electrophoretic mobility of 5.05 108 m?
V-1 stwhich is approximately the same as the ionic mobility [18] as expected.
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Fig. 5. (A) ITP-CZE of 280 nl and (B) CZE of 28 nl of the three test compounds neostigmine
(2), homatropine (3), scopolamine (4) and of the dye crystal violet (5). Peak (1) is an uniden-
tified system peak. In both cases a concentration of a 1 pug/ml of the test compounds and 10
pg/ml for the dye is injected. Leading buffer is 10 mmol/l TEA in 50% methanol brought at
pH 5.0 with acetic acid. The terminating buffer consisted of 10 mmol/l p-alanine in 50%
methanol brought at pH 5.0 with acetic acid. UV absorbance detection took place at 550 mm
from the injection end at 200 nm. The detector settings are the same for both electrophero-
grams. The ITP-CZE is performed as described in Fig. 1A.

As shown in Fig. 6 a CZE system applying indirect detection can be used for selecting the
proper leading and terminating ions in ITP-CZE. Especially in those cases where additives to
the buffer are used, tabulated values are not always available. The electropherogram gives a
good insight in the migration order of the leading, the terminating and the sample ions. To
make a good comparison possible it is necessary that the indirect detection system is similar to
the chosen CZE buffer in the ITP-CZE analysis with respect to additives, counter ion and pH.
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Based on data obtained by the indirect detection system the final choice of leading and ter-
minating ions can be made. For plasma and urine samples sodium is most likely the main cat-
ionic compound (Fig. 4) and is preferably used as leading ion.

Application of ITP-CZE to spiked plasma and urine samples

The first step in the ITP-CZE analysis of the three antimuscarinic test compounds in spiked
plasma and urine is the optimisation of the CZE system. At pH 5.0 the compounds are baseline
separated (Fig. 5). Therefore, an acetate buffer is chosen as background electrolyte for CZE.

To enable a high loadability of the system a separation capillary of 900 x 0.1 mm is used.
To reduce the CZE run times the detector is placed at 550 mm from the capillary inlet. This
offered the additional advantage of enabling the application of a negative hydrostatic backpres-
sure by raising the electrode vial at the capillary outlet.

The second step is the selection of the ITP separation window. An indirect detection system
is used to study the main matrix components in urine and plasma (Fig. 4). Conditions for indi-
rect detection of urine and plasma are chosen so that semi-quantitative information is obtained
rapidly. Electropherograms of urine and plasma are compared with an electropherogram of a
mixture of cations. The main cationic component in urine and plasma is sodium, as expected.
Therefore, sodium is chosen as a leading ion in the ITP-CZE method. Especially urine contains
a considerable concentration of cations with a higher mobility such as potassium or ammonium
ions (Fig. 4C). These ions did not disturb the final ITP-CZE analysis.
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Fig. 6. Representation of the ITP separation window (arrow) using CZE with an indirect de-
tection system. The background electrolyte consisted of 10 mmol/l pyridine in 50% methanol
brought at pH 5.0 using acetic acid. The migration order of neostigmine (3), homatropine
(4), scopolamine (5) and of crystal violet (6) can be easily determined with respect to possi-
ble leading (1, TEA) and terminating (7, f-alanine) ions. Peak (2) is an unidentified system
peak and (8) is pyridine. For electrophoretic conditions see Fig. 4.

The choice of B-alanine as terminating ion is made in a similar way using indirect detection.
However, to make a good comparison with the migration order in ITP-CZE possible, the con-
ditions of the indirect system are carefully chosen. The buffer consisted of acetate at pH 5.0 in
50% methanol. The only difference to the conditions of the CZE background electrolyte in the
final ITP-CZE system is the use of pyridine as UV absorbing co-ion instead of sodium. Fig. 6
demonstrates the separation window between leading and terminating ions.
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Fig. 7. ITP-CZE of 92 nl (10 pg/ml) neostigmine (1), homatropine (2) and scopolamine (3) in
buffer (A), in urine after dichloromethane extraction (B) and in urine without any pretreat-
ment (C) in comparison with (D) blank urine. The ITP-CZE is described in Fig. 1A. Sodium
acetate (10 mmole/l) at pH 5.0 in 50% methanol is used as leading buffer and as CZE back-
ground electrolyte. The terminating ion is f-alanine. During the focusing step (Fig. 1A, step
2) a voltage of 10 kV and a backpressure of 22 mbar is applied. For the hydrodynamic mobi-
lisation of the sample zones (Fig. 1A, step 3) the backpressure is increased to 30 mbar at the
same voltage. The focusing step took 5.5 min for run (A) and (B) and 15 min for (C) and (D).
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Fig. 8. ITP-CZE of 1.8 ul of 100 ng/ml homatropine (1) and scopolamine (2) in urine (A) and
plasma (C) and of blank urine (B) and plasma (D) after dichloromethane extraction. ITP-
CZE conditions are the same as in Fig. 7 except for the backpressure in the focusing step
(Fig. 1A, step 2) which is 30 mbar at a voltage of 15 kV. The voltage is decreased to 10 kV at
a constant backpressure to mobilise the focused analyte zones (Fig. 1A, step 3) towards the
capillary inlet. The focusing step took 25 min before the CZE step is started at 25 kV. Crystal
violet is no longer used as dye. The current in step 3 increased from 0.1 to 3.1 pA.

Depending on the complexity of the matrix and the analyte concentration, ITP [22-24] and
ITP-CZE can be used for the analysis of plasma and urine samples without any or with minor
pretreatment (i.e. filtration). In Fig. 7 the electropherograms after ITP-CZE of 10 pg/ml anti-
muscarinic drugs in urine with and without pretreatment are shown. For trace analysis it is
unlikely that the selectivity in ITP-CZE without an additional pretreatment will be sufficient.
Interferences in the CZE analysis will by definition migrate within the separation window in
the ITP step because the separation principle in both electrophoretic modes is the same. The
use of spacer ions in the ITP step may enhance the selectivity of the final analysis, especially
when large differences in analyte concentration occur. In case of co-migrating zones in CZE
the ITP step will not give additional selectivity.

The selectivity is considerably enhanced by using a liquid/liquid extraction with dichloro-
methane prior to the ITP-CZE step (Fig. 7-8). As can be seen in Fig. 7B the extraction recovery
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for neostigmine is low. Scopolamine and homatropine can be measured at a concentration level
of 100 ng/ml in plasma and urine (Fig. 8) after extraction. Although it is likely that the deter-
mination limits can be lowered using a concentrating step by dissolving the evaporated extract
in a smaller volume, there are no attempts made to optimise the method.

Conclusions

Two ITP-CZE procedures for cationic and two ITP-CZE procedures for anionic separations
are given. A strategy is described for setting up an ITP-CZE analysis. Information on the mi-
gration order of leading ions, terminating ions and analyte ions can be obtained using CZE with
indirect UV absorbance detection. Furthermore, information on the ionic composition of the
matrix can be obtained. Indirect detection enables tuning of the ITP separation window when
ITP is used as sample cleanup for CZE.

The applicability of the described strategy is demonstrated for the optimisation of ITP-CZE
of homatropine, scopolamine and neostigmine in spiked urine and plasma samples. Depending
on the analyte concentrations plasma and urine samples can be determined without pretreat-
ment. However, because the separation mechanism in both ITP and CZE are based upon the
same principle an additional sample pretreatment will be needed in case of co-migrating matrix
interferences. The coupling of a sample pretreatment based on another separation mechanism
than electrophoresis in combination with the tremendous concentrating properties in ITP makes
the highly efficient separation power of CZE applicable for trace analysis.
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3.3

Correlation between Zone Velocity and Current in Automated Sin-
gle Capillary Isotachophoresis - Zone Electrophoresis

Abstract

In single capillary isotachophoresis - zone electrophoresis (ITP-CZE) the sample zone ve-
locity is varying with its position in the capillary during the focusing step. When the voltage is
kept constant, the current changes to the same extent. Correlation between the current and the
sample zone velocity can therefore be used to calculate the velocity of the hydrodynamic flow
that is needed to counterbalance the sample zone velocity. Measured data are in agreement with
calculations implying that current monitoring can be used in an automated feedback system to
regulate the hydrodynamic flow velocity during the focusing step. Conditions are described
where automated anionic single capillary ITP-CZE can be performed without application of a
hydrodynamic counterflow, extending its applicability to any commercially available CZE sys-
tem.

Correlation between the ITP current and the sample zone position in the capillary is used to
determine the moment for automatic switching from ITP to CZE. The reproducibility of the
corresponding CZE migration times is investigated in addition to the effect of the remaining
ITP terminator zone length on the CZE separation. A remaining terminator zone length of 10%
of the total capillary length still resulted in an acceptable CZE performance.

Introduction

Capillary electrophoresis in combination with trace enrichment procedures has been proven
to be a powerful analytical technique capable of high efficient separations at low analyte con-
centrations [1, 2]. Several methods of lowering determination limits in CZE have been de-
scribed [3]. Classical off-line sample pretreatment and preconcentration techniques, such as
liquid-liquid extraction or solid phase isolation, have been used in a number of bioassays. Alt-
hough these procedures can be laborious and time consuming they offer flexibility [4]. On-line
sample pretreatment offers the possibility of automation but has some restrictions with respect
to the following step in the analytical method [5].
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Electrophoretic analyte focusing procedures are a convenient way of lowering the determi-
nation limits that are typical for zone electrophoretic separations. Several modes have been
described and successfully applied. A common feature of procedures such as stacking and sam-
ple self stacking or transient isotachophoretic preconcentration, is that the analyte is concen-
trated at the boundary over which a difference in the electric field strength exists [3, 6].

The combination of ITP with CZE has been successfully applied by several groups in a dual
capillary mode. In this mode the sample ions are transferred from the ITP system to the CZE
capillary. In the single capillary mode the process of ITP and CZE takes place in the same
capillary, only the buffer vials are switched [7, 8]. Large sample volumes are injected, typically
10 - 90% of the total capillary volume. A hydrodynamic counterflow is used during the focus-
ing step to keep the sample zones inside the capillary. The discontinuous ITP buffer is removed
before the CZE step is started resulting in highly efficient separations. The method is auto-
mated, reproducible and takes place in a commercially available CZE apparatus without any
modifications of the hardware. Determination limits are at least a factor hundred better than for
conventional CZE. Similar results have been obtained in combination with electrospray mass
spectrometry of 3-agonists [9].

In this Chapter an equation is derived giving the correlation between the current and the
sample zone velocity during the focusing step in single capillary ITP-CZE. With this linear
relationship the pressure needed to counterbalance the sample zone velocity can be calculated.
The position of the sample zone in the capillary is calculated from the current, compared with
experimental data and applied in automated ITP-CZE procedures. The reproducibility is inves-
tigated for ITP-CZE using current monitoring for automated switching from the ITP to the CZE
mode.

Experimental

Chemicals

Acetic acid (HAc) was from Merck (Darmstadt, FRG). Fluorescein (F) and triethanolamine
(TEtOHA) (97%) were purchased from Janssen Chimica (Beerse, Belgium). Fluoresceinisothi-
ocyanate isomer | (FITC) was from Aldrich Chemie (Steinheim, Germany). The food colorant
brilliant acid green (E142) was from Morton (Amersfoort, Netherlands). Hydroxypropylme-
thylcellulose (HPMC) and 4-(2-Hydroxyethyl)-1-piperazine ethanesulphonic acid (HEPES)
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came from Sigma (St. Louis, MO, USA). The viscosity of a 2% aqueous HPMC solution was
4000 cP. In all experiments deionised water was used (Milli-Q system, Millipore, Bradford,
MA, USA).

Conditions used in calculations

Zone velocity, current and counterflow (Fig. 2, 3 and 6) were calculated for an untreated
fused silica capillary with 100 um ID and 500 mm length. An electroosmotic mobility of 60.0
10° m2V-1st was used for the leading buffer and 70.5 10° m2V-!s! for the terminating buffer.
The leading buffer consisted of 10 mmol/l HAc set at pH 8.0 with TEtOHA and was also used
as CZE background electrolyte. In the ITP step 7.25 mmol/l HEPES at pH 8.0 was used as
terminating buffer. The effective and ionic electrophoretic mobilities used in calculations
were -42.0 and -42.0 10° m2V-1s! for acetate, -16.5 and -22.0 10° m?V-s** for HEPES and
11.0 and 30.1 10° m?Vv-1s't for TEtOHA. The ITP took place at a voltage of 10 kV. The calcu-
lated conductivities were 0.070 and 0.027 Sm! in respectively the leading and the terminating
zone. The equations used for calculation of these parameters will be given in Theory.

B2 Bl

injection detection

Fig. 1. Schematic representation of an anionic sample zone in the focusing step of ITP-CZE.
The sample was dissolved in terminator buffer (T -, R*). The leading buffer (L, R*) was also
used as background electrolyte in the CZE step. The hydrodynamic flow velocity counterbal-
ances the electroosmotic and electrophoretic velocities of a sample zone at the front bound-

ary (B1). The rear boundary (B2) migrates to B1 resulting in a concentration of the analyte.

In most commercially available apparatus the pressure is applied at the capillary inlet. An
increased pressure at the inlet is always considered a positive pressure and the resulting hydro-
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dynamic flow has therefore a positive sign. A reduced pressure at the inlet results in a hydro-
dynamic flow in the opposite direction and has, according to our notation a negative sign.

During the ITP of anions the cathode was at the capillary inlet (Fig. 1), therefore the sign of
the electrophoretic velocity of an anion A (veia) in the direction of the anode was positive,
analogous to the sign of a hydrodynamic flow. The sign of the electroosmotic velocity (Veof) in
the direction of the cathode was negative for the same reason. The total velocity of the anion
(va) in cases where the electroosmotic velocity predominates, was thus negative.

Experimental conditions

The conditions in Fig. 4 and 5 were similar to the conditions as given above with exception
of the following. The capillary (520 x 0.100 mm ID, SGE, Ringwood, Victoria, Australia) was
pretreated by standing overnight with a solution of 0.05% HPMC and as a result the electroos-
motic mobility was 30 and 35 10° m?V-1s in the leading and the terminating zone, respec-
tively. The effective mobility of acetate was -39.7 10-° m?V-1s"t which value was also used as
the ionic mobility. A voltage of 15 kV was used and the current was respectively 13.1 and 6.0
MA for the leading and terminating buffer. Corresponding conductivities of 0.058 and 0.0265
Sm-* were used in calculations in Fig. 4 and 5.

For the counterflow and current monitoring experiments the food colorant brilliant acid
green (E142) was used as visible test compound. For the reproducibility measurements and the
variation of the terminator zone length (Fig. 7) fluoresceins were used with laser induced flu-
orescence detection (LIF). The LIF detection system has been described in detail elsewhere
[7]. A programmable injection system for capillary electrophoresis (PRINCE, Lauerlabs, Em-
men, Netherlands) equipped with a reversible polarity power supply and possibility for pres-
surised and electrokinetic injection was used for the automated ITP-CZE procedures.

Analyte focusing

The analyte focusing procedure consists of five steps [7, 8]. In step 1 the injection takes
place hydrodynamically at a pressure of 100 mbar. In the focusing step (step 2), the analyte
focusing was started by applying a voltage in conjunction with a hydrodynamic pressure. The
hydrodynamic pressure was used to prevent the sample zone from leaving the capillary. After
5 - 20 min. of focusing, depending on the injected zone length, the focusing was completed.
Step 3 was the isotachophoretic removal of the terminator buffer zone from the capillary. A
voltage of 20 kV was applied without a hydrodynamic pressure. At the time that the sample
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zone was approaching the capillary inlet the terminator buffer vial was replaced for a vial con-
taining the CZE background electrolyte (step 4), the voltage was reversed and the CZE run was
started (step 5).

The current was monitored for precise timing of the moment to switch from the ITP to the
CZE mode. When a constant voltage was applied the current increases as long as the terminat-
ing zone length decreased. The CZE equipment could be programmed so that at a defined
threshold of the current the switching took place automatically. In principle, all terminating
ions and sample ions with mobilities below that of the terminating ion, including the counter
ions, were removed by the described procedure.

Theory

The coupling of ITP with CZE using a single capillary set-up has been described for both
anions and cations [7, 8]. In both cases either the leading or terminating buffer can be used as
background electrolyte for CZE, resulting in four modes of ITP-CZE. The focusing step is
started after injection of a large sample zone in terminator buffer, typically 10 - 90 % of the
total capillary length. A counterflow is used to keep the sample zones in the capillary during
the focusing process (Fig. 1). The front of the sample zone which forms a boundary with the
leading buffer, is kept at a fixed position in the capillary by balancing the electrophoretic lead-
ing ion velocity with the hydrodynamic velocity. The rear boundary of the analyte zone is mi-
grating in the direction of the front boundary resulting in a concentration of the analyte. After
focusing the discontinuous buffer is removed isotachophoretically by either increasing or de-
creasing the hydrodynamic counterflow depending on the ITP-CZE mode that is used.

Theoretical model

For the calculation of the zone velocity during the focusing step an isotachophoretic state is
assumed. This assumption has been made to enable calculations of the local electric field
strengths and the electrophoretic and electroosmotic velocities. In the isotachophoretic state
the velocities of all ions are the same with exception of the counter ion velocity [10]. For the
analyte ions during the focusing step this assumption is not true, only when the focusing is
completed they migrate with the same velocity as the leading and terminating ions. However,
when low analyte concentrations in terminator buffer (i.e. <0.1% of the terminator buffer con-
centration) are considered the contribution to the local electric field strength and conductivity
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in the terminator zone is negligible. Therefore, the velocity of the leading ions can be calculated
without consideration of the migration of sample ions.

The terminator buffer is prepared at the isotachophoretic concentration. This concentration
IS given by:

- mr mL+mR - (1)

where m; is the absolute value of the ionic mobility of i. The subscripts L, T and R refer to the
leading, terminating and counter ions respectively. Because in buffer systems weak electrolytes
are involved the analytical concentration of an analyte A is notated as T, ([HA] + [A’]) and the
ionic concentration is notated as ca ([A]). Analogous, the mobility of the fully ionised analyte
A is written as ma and the effective mobility as m,. The relationship between the ionic and
effective mobility is then given by cama=C, M, . An anionic system with univalent buffer ions
will be considered consisting of only one type of cation and anion (i.e. leading buffer L- and
R*, terminating buffer T- and R*). The leading buffer is also used as CZE background electro-
lyte.

In our model the temperature in the leading and terminating zone is considered to be the
same and constant. Most of the considered parameters are dependent on temperature. This
means that the model is only applicable for systems where the Joule heat is efficiently dissi-
pated. When the terminator zone is removed from the capillary, the local electrical field
strength in the terminator zone increases considerably resulting in an increased heat develop-
ment. Therefore, at a small terminating buffer zone length a deviation of the measured veloci-
ties from the calculated velocities may occur. However, in ITP-CZE usually large injection
volumes are applied. After the focusing step, when the terminator buffer is removed, the accu-
rate magnitude of the velocity is usually no longer relevant. In Results and Discussion the
assumption of a constant axial temperature is verified.

The hydrodynamic counterflow

The counterflow to keep the boundary of the sample zone with the leading buffer zone on a
fixed position in the capillary (Fig. 1) is given by:
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VL + Vhg =0 2

where v is the velocity of the leading ions and vhg is the hydrodynamic flow velocity in the
opposite direction. The velocity of the leading ions is given by the sum of the electrophoretic
velocity (vei,L) and the bulk electroosmotic velocity (Veor)

VL = Vel + Veof 3)

The electrophoretic velocity of the leading ions is given by

Vel =M EL (4)

where m is the effective electrophoretic mobility of the leading ions and E_ is the electric
field strength in the leading buffer zone.

The electroosmotic velocity is weighted over the fraction of capillary filled with leading
buffer (x) and with terminating buffer (1 - x) [6]

Veof = X Veof, L + (1 - X) Veof,T 5)

where Veor is the bulk electroosmotic velocity, Veor,L is the electroosmotic velocity in the leading
zone and Veor,T IS the electroosmotic velocity in the terminating zone. Combination of (5) and
(3) gives for the velocity of the leading ions

VL = X VeorL + (1 - X) Veof T + Vel,L (6)

The hydrodynamic flow velocity caused by a pressure difference over a capillary is given by
the Poiseuille equation:

Ap (7

where Lo is the total capillary length, n is the viscosity (9.93 10 kgms™?), d the capillary
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diameter and p the pressure difference. Combination of (2), (6) and (7) gives the pressure dif-
ference that results in a hydrodynamic velocity that counterbalances the velocity of the bound-
ary between the leading and analyte zone

_ 3277 Lo

Ap e

’ [ XV ot L + (1' X)Veof,T + VeI,L] (8)

where the electrophoretic velocity (veiL) has a negative value for anions. The fraction of the
capillary that is filled with leading buffer (x) depends on the injected volume and changes when
the focusing procedure proceeds. When the capillary is filled for 75% with sample in terminat-
ing buffer, the value of x is 0.25. This fraction will increase to 1.0 when the terminating buffer
is removed from the capillary.

From equation (3) it can be seen that when the electroosmotic velocity is smaller than the
velocity of the leading ions (vei,L+Veor>0) the direction of the leading zone velocity reverses.
Therefore, the counterflow velocity balancing the leading zone velocity (eqgn. 1) is also re-
versed. This means that in stead of an increased pressure a reduced pressure is needed for com-
plete removal of the anionic ITP buffer. The four ITP-CZE procedures as described previously
[8] can all be performed in absence as well as in presence of electroosmotic flow using the
appropriate pressure difference given by equation (8).

When the electrophoretic mobility is approximately the same as the electroosmotic mobility,
there will be one value of x for which the leading zone velocity (vi) is zero. Without applying
a hydrodynamic flow, the boundary of the sample zone and leading zone will migrate in the
electric field until this particular leading zone length is reached and the velocity is zero. When
all parameters are kept constant, the position of this boundary will not change in time. When
the position of this boundary is close to the capillary inlet, the ITP step can be stopped and the
CZE step can be started without removing the remaining terminator zone. For untreated fused
silica with an electroosmotic mobility of the buffer of ca. 60 10-° m?V-1s1 this may be the case
when chlorate (m=-63 10° m?V-1s1) or chloride (m=-75 10° m?V-1s1) is used as leading ion.

Determination of parameters

In the isotachophoretic steady state the electric field strength in the leading buffer zone (Er)
is by definition lower than in the terminating buffer zone (Et). The local electric field strength
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depends on the total electric field applied over the capillary (Eo), the conductivities of the buff-
ers and the length over which the capillary is filled with leading or terminating buffer. The total
electric field strength is given by the running voltage (Vo) divided by the total capillary length
(Lo). The electric field strength in the leading zone is given by [6]

= —yEO
o yX+(1-X) ©

and in the terminating zone

_ Eo
Er= m (10)
where vy is the conductivity ratio of the terminating and the leading zone (k1/xL) and X is the
fraction of the capillary that is filled with leading buffer (LL/Lo). The fraction that is filled with
terminator buffer (1 - x) is equal to Lt/Lo. When the sample is dissolved in terminator buffer
at the isotachophoretic concentration (egn. 1) the length of the injection zone is considered to
be Lr.

The conductivity («i in Sm™) can be measured in a capillary filled with buffer i using equa-
tion 11:

(11)

where | is the electric current and r is the capillary radius. Alternatively, when the electropho-
retic mobilities are known, the conductivity for weak univalent electrolytes can be calculated
by [11]

Ki=F Ca (|Mal+ aa|mr]) (12)

where F is the Faraday constant (96485 Cmol) and o the mole fraction of A that is in the
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ionic form. In case of univalent buffer ions the conductivity ratio (y) is given by

Kp _ G [Maf+ag|mg]

y= (13)

K. T |mL|+aL|mR|

The concentration C is calculated via the isotachophoresis equation (1). The ionic mobility mgr
is assumed to be the same in the leading and terminating zone. Although the ionic mobility
depends on the ionic strength which differs in the leading and terminating zone, for the con-
ductivity ratio this is negligible.

The electroosmotic flow velocities are calculated using

Veof L = Meof,L EL (14)
and
Veof T = Meof,T ET (15)

where meor is the electroosmotic mobility (m?V-1s1). The bulk electroosmotic mobility is the
same in both zones, however, local differences in the electroosmotic mobility in the leading
and terminating zone exists. The electroosmotic mobility decreases as the ionic strength of the
buffer increases. Because of a lower buffer concentration in the terminator zone, the electroos-
motic mobility will be higher than in the leading buffer zone. The local difference in flow rate
with respect to the bulk flow rate, is compensated for by a convective flow in the buffer zones.
The electroosmotic velocity (Veof,.) can be measured in the CZE mode, when the leading buffer
is used as background electrolyte. The electroosmotic velocity of the terminator zone Veor,T Can
be measured in the capillary filled with terminating buffer, using the buffer concentration cal-
culated using the isotachophoresis equation (1).

From equations (9) and (10) it follows that the electric field strength is considerably influ-
enced by the length of the leading zone, which results in varying electrophoretic and electroos-
motic velocities during the focusing procedure. Substituting equations (9), (10), (14) and (15)
in (8) gives the full impact of the fractional leading zone length (x) on the pressure difference.
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_ 32717 L . 7E, (1-x)

A L Xm + —.m + 16
P d>  yx+(1-x) [X Moo, y wrrt me]  (16)

where the effective mobility of the leading ions (M) has a negative value for anions. Both
equations (16) and (8) can be used to calculate the pressure difference that results in a hydro-
dynamic flow that counterbalances the velocity of the boundary between the leading and ana-
lyte zone. Equation (16) gives insight in all the parameters that are affecting the pressure dif-
ference.

When the conductivities of the leading and terminating buffer are measured or calculated
(egn. 12), the conductivity ratio y (eqn. 13) can be calculated. Via experimentally determined
electrophoretic and electroosmotic mobilities the corresponding velocities can be calculated
using equations (4), (14) and (15). The total velocity of the boundary of the leading buffer zone
with the sample zone (v.) is then calculated with egn. (6). The pressure that results in a hydro-
dynamic flow velocity that counterbalances v is then given by eqgn. (8).

When it is not possible to apply a pressure during the focusing procedure, a height difference
can be used. The calculated pressure difference can be converted to a height difference using

Ah=Ap/pg a7

where Ap is the pressure difference (bar), p is the buffer density (1000 kg m), and g is the
gravitational force (9.8 ms2). A pressure difference of 20 mbar corresponds to a height differ-
ence of approximately 20 cm. This conversion is independent of the capillary diameter.

Current monitoring

When a constant voltage is applied during the focusing step, and the leading buffer is used
as background electrolyte in the CZE step, the current will increase as more leading buffer
enters the capillary. Just before a complete removal of the terminator buffer the ITP is stopped
and the CZE is started. Monitoring of the current can be used to determine the moment for
automated switching from ITP to CZE.

The total current in an isotachophoresis process is determined by Ohm’s law as the ratio of
the applied voltage and the electrical resistance of the liquid in the capillary. The total resistance
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in the ITP capillary is given by the sum of the resistances of the leading, terminating and sample
zones. For the isotachophoresis of low concentrations of analyte the contribution of the sample
zones to the total resistance of the capillary will be negligible so that

I = Vo/(RL + Ry) (18)

The electrical resistance of zone i (Ri) depends on the capillary radius (r), the length (L) and
the conductivity (k;) of the zone.

Ri = Li/(n r? i) (19)

Substituting (19) in (18) gives

-1
| =V ar? {5 + 5} (20)

KL KT

When the conductivities are known the variation of current during the focusing step can be
calculated using equation (20) for a given leading and terminating zone length. The current
after removal of the terminator zone in single capillary ITP-CZE is given by (20) for Lt=0, i.e.
when the capillary is filled with leading buffer only. In practice always a small zone of termi-
nator will remain in the capillary when switching from ITP to CZE.

In isotachophoresis the composition of the leading zone also determines the composition of
the terminating zone. Thus when the composition of the leading zone is known and the mobil-
ities of the leading and terminating ions and of the counter ions are known, the change in cur-
rent can be calculated. The conductivity in a zone is given by the sum of the product of con-
centration, mobility and charge of all ionic species. Combining (12) and (20) for a system with
univalent ions gives

L. Lt ( 1)

| = \oar’F| —— +——
e ( |mL|+aL|mR| ) cor ( |mT|+aT|mR| )

When in single capillary ITP-CZE a given remaining zone length of the terminator buffer is



Correlation between Zone Velocity and Current in Automated Single Capillary
Isotachophoresis - Zone Electrophoresis 161

allowed, the corresponding ITP current is then calculated using (20). This is the threshold of
the current that can be used to program the CZE apparatus to switch automatically from the
ITP step to the CZE step. Although equation (21) gives a better insight in all parameters that
are affecting the change in current, for precise determination of the current profile during the
ITP step it is advisable to use equation (20) in conjunction with conductivity measurements of
the leading and terminating buffers.

Counterflow and current

The hydrodynamic flow velocity needed to counterbalance the sample zone velocity de-
pends on the position of the sample zones in the capillary (egn. 16). This position can be cal-
culated from the current (eqn. 20 and 21). Combining these equations makes it possible to
calculate the hydrodynamic flow velocity for a given current. The current is measured during
the analysis and will be constant as long as the sample zones are not moving. Using equation
20, Li=xLo and Lt=(1-x)Lo, the relative leading zone length x can be written as

X = 7Tr2 Eox _ 1 (22)
I(y-1) (r-1)

Substituting the expression for the current density 1/(r r?)=ELx. (eqn. 11) in equation 9 gives

& . ! (23)
yx+(1-x) 7tk

Substituting 22 and 23 in 16 results in the linear equation
Ap=a+bl (24)

which gives the pressure difference for a given current. The slope b and intercept a are given
by

- 3277V0 ‘|:KTmeof,L - KLmeof,T:l (25)
d2

K-k
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and

128 1 o 1 _
SO Lo gy 2y Mol 2y it m| (26)

d* k7 7-1 74 7-

b =

where the effective mobility of the leading ions (M) has a negative value for anions. Equation

24 implies that with current monitoring not only the moment to switch from ITP to CZE can
be determined, but also the pressure needed in single capillary ITP-CZE.

The focusing step

An important aspect in the focusing step is the focusing time of the analytes. The time to
focus the injection zone is given by the sample zone length divided by the total velocity of the
slowest analyte ion in the ITP separation window, t=Linj/va . The subscript f refers to focusing
conditions. The analyte velocity under focusing conditions is given by:

VAf= Vela- Ve 7= (M,-M; ) Er (27)
The focusing time is then given by:
t=Lin/ [(M,-My )ET] (28)

The focusing time is thus independent from the electroosmotic and hydrodynamic velocity.
When the effective electrophoretic mobility of the analyte and the terminator ion are similar
the focusing time will increase to infinity.

In practice the focusing step and the isotachophoretic removal of the terminator buffer can
be combined thus reducing the analysis time. The focusing step is started at the appropriate
pressure, given by (8) and after a few minutes the pressure is lowered. As a result the terminat-
ing zone length decreases slowly and the electrical field strength Et increases. This can be
repeated several times, thus increasing Et and reducing the focusing time.

The described focusing procedure as illustrated in Fig. 1 offers several alternatives. In stead
of counterbalancing the sample zone boundary with the leading buffer (the front boundary) the
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boundary of the slowest sample ion with the terminator zone (rear boundary) can be counter-
balanced. Analogous to (8) the pressure needed to induce an appropriate counterflow is given

by

Ap = 32772LO
d

IXVeor L+ (L-X) Ve 1+ Vo ] (29)

where Ve a is given by the effective electrophoretic mobility of the slowest analyte A and the
electric field strength in the terminator zone (eqn. 4).

Dissolving the sample in leading buffer is another option. When the boundary of the termi-
nator buffer with the sample zone in leading buffer (rear boundary) is counterbalanced (using
eqn. 8), the focusing time is given analogous to eqgn. (28) by

t= Lin/ [(M - M, )EL ] (30)

In most cases it is unlikely that this will reduce the analysis time because the electrical field
strength in the leading buffer is always lower than in the terminating buffer. However, when
m, approaches m, the focusing time can be reduced by dissolving the sample in leading
buffer.

Another possibility in reducing the focusing time is focusing under unsteady state conditions
by dissolving the sample in a lower terminator concentration than given by eqgn. (1) which
results in an increased Et. However, under unsteady state conditions care must be taken that
no analyte is lost.

Composition of the sample

For the calculation of the velocities at the start of the focusing procedure, it is assumed that
low concentrations analyte are dissolved in terminating buffer. The terminating buffer is at the
isotachophoretic concentration (eqn. 1) and the sample zone length is considered to be Lt. The
conductivity of the sample is considered to be the same as the terminating buffer. In that case
all equations can be used immediately from the start of the focusing procedure. Another ad-
vantage of working under these well defined conditions is that the velocities of analyte ions are
known and by using the appropriate counterflow no loss of analyte occurs.
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When the analyte is dissolved in a matrix other than the terminator buffer or when high
concentrations of matrix constituents are present in the sample, the applicability of the derived
equations is limited to the ITP steady state. Only the zone velocity at the start of the focusing
step can be calculated with the sample zone conductivity. The focusing step then proceeds
under unsteady state conditions. The sample zone velocity is not only changing with its position
in the capillary but also because of local changes in electric field strength as a result of the
migration of matrix ions. Under unsteady state conditions the possibility exists that analyte ions
migrate out of the capillary. A full discussion on unsteady state migration is given by Foret et
al. [12].

One way to overcome incompatibility of the sample matrix with the ITP conditions is a
sample pretreatment where an excess of matrix components is removed and the analytes are
transferred to a well defined matrix. In trace analysis (nanomolar sample concentration range
and lower) of analytes in complex matrix it is unlikely that ITP-CZE or CE in general can be
used without an additional pretreatment step. An additional sample pretreatment usually im-
proves the performance of ITP-CZE with respect to reproducibility, selectivity and ITP focus-
ing time [7, 8].

Results and discussion

Equation 16 gives insight in all parameters that are affecting the zone velocity and the linear
related counterbalancing pressure difference in the focusing and ITP step. Several of these pa-
rameters will now be discussed and compared with experimental data. Then the applicability
of current monitoring for automated switching from ITP to CZE will be investigated in addition
to the effect of the terminator zone length on the CZE performance.

Parameters affecting the sample zone velocity

In Fig. 2 the leading zone velocity is given for several electroosmotic flow rates. As can be
seen from eqn. (3) for a high electroosmotic flow rate the zone velocity is always negative.
However, when the electroosmotic mobility is similar or lower than the electrophoretic mobil-
ity the velocity v increases or becomes positive (increases in the opposite direction).

As an example an injection zone length of 60% of the total capillary length will be consid-
ered. The leading zone velocity is counterbalanced so that the rear boundary is moving to the
fixed front boundary. As already mentioned in Theory alternatives are possible.

Under conditions as illustrated in Fig. 2 line A, the focusing procedure is started at a pressure
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of 15 mbar (for conditions see Experimental). The front boundary of the sample zone is then
focused at 60% terminator zone length. When the focusing step is completed the pressure is
reduced to zero and the analyte zones migrate to the cathode. The analyte zones remain focused
because of the isotachophoretic conditions and the terminator zone is removed from the capil-
lary. The velocity of the sample zone as a function of the terminator zone length is described
by line A. Just before complete removal of the terminator zone the voltage is reversed and the
CZE is started.

1.26
£ —
R Z
£ 0.00 £
& E
, =
1
1
1
1
1
1
'20 T T T T 126

0 20 40 60 80 100

terminator zone length (%)

Fig. 2. The effect of the electroosmotic flow rate on the leading zone velocity and the counter-
balancing pressure in ITP-CZE. The lines are calculated values for an electroosmotic mobil-
ity in the leading zone of 60.0 (A), 30.0 (B) and 1.0 (C) 10° m?V-1s', All further parameters
are given in Experimental.

For a similar injection under the conditions in Fig. 2 line B, the focusing procedure is started
at a pressure of 4 mbar. After the focusing step the pressure is reduced to zero and the analyte
zones will move to the point of 18% terminator zone length. At this point the electrophoretic
mobility of the leading ions is counterbalanced by the electroosmotic mobility of the bulk. A
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reduced pressure (i.e. Ap<-4 mbar) is needed to remove the remaining terminator zone from
the capillary.

Under the conditions in Fig. 2 line C, the focusing procedure is started at a pressure of -7
mbar to focus the analyte front boundary at 60% terminator zone length. After focusing the
pressure is reduced (i.e. Ap<-14 mbar) to remove the remaining terminator zone from the ca-
pillary. All constants and variables used for Fig. 2 are given in Experimental.

Another parameter that is affecting the counterflow needed in the focusing procedure is the
electric field strength. Increasing the electric field strength linearly increases all velocities (egn.
4,9, 10, 14 and 15) and shortens the focusing time in ITP-CZE. As a result a linear increase of
the counterflow velocity is needed. When the focusing voltage is doubled, a doubling of the
pressure is needed to counterbalance the leading zone velocity. The time to complete the fo-
cusing will be reduced by a factor two (egn. 28 and 30).

High electric field strengths are not always favourable with respect to zone broadening. In-
creasing the electric field strength will increase the heat generation in the capillary, especially
in the terminator zone where the electrical resistance is higher. When the terminator zone is
almost removed from the capillary the electric field strength in the terminator zone increases
to Eo/y (egn. 10, x=1). At the same time, at a constant voltage the current through the capillary
increases as more leading buffer is entering the capillary. The power in the terminator zone
(W) increases with Wr=V | resulting in a corresponding increase of heat development. Fur-
thermore, the laminar flow profile that exists because of a mismatch of the electroosmotic ve-
locities in the leading and the terminating zone [6] will be increased at higher electric field
strengths. This is usually compensated for by the self correcting properties of the isotachopho-
retic zones [7, 8, 10] but at high electric field strengths problems may arise. In order to avoid
zone distortion or even disruption of the electrical current, it may be necessary to reduce the
voltage when the length of the terminating zone is getting smaller.

The ratio of mobility of the leading and terminator ions is important for the focusing time
(egn. 28 and 30). When a weak electrolyte is used as terminator buffer a low conductivity can
be obtained, resulting in a small value of y. The electroosmotic velocities in the leading and
terminator zone change with the local electric field strengths Et and E. (eqn. 9, 10, 14 and 15).
A lower conductivity of the terminating zone results in an increase of Er, especially at small
terminator zone length. This results in a reduction of the focusing time. However, as mentioned,
a high electrical field strength may lead to excessive heat development in the terminating zone.

The sample zone velocity is independent from the capillary diameter. However, the pressure
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(and height) difference is inversely dependent on the square of the capillary diameter. Capil-
laries with smaller inner diameters have better heat dissipating properties and therefore higher
electric field strengths are allowed. Because of a decreased loadability and detectability at small
inner diameters an optimum can be found with respect to electric field strength, analysis time,
capillary diameter and determination limits.

Single capillary ITP-CZE without a hydrodynamic counterflow

During the ITP step the electric field strength in the terminator (Et) and leading buffer zone
(EL) and the corresponding zone velocities can be calculated. From (9) and (10) it follows that
when x (relative leading zone length) approaches unity, the terminating electric field strength
increases to Eo/y and the electric field strength in the leading zone increases to Eo. For the
focusing step this means that during the removal of the terminating zone the electric field
strength and the corresponding electrophoretic and electroosmotic velocities in the leading
zone and in the terminating increase. For anionic separations the electroosmotic and electro-
phoretic velocities increase of opposite directions.

Under certain conditions the possibility exists that at a certain terminator length the electro-
phoretic velocity is counterbalanced by the electroosmotic velocity, without application of a
pressure.

v (mm/s)

0 20 40 60 80 100
terminator zone length (%)
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Fig. 3 (A). Variation in the bulk electroosmotic (A, Veor) and the electrophoretic (C, veiL) flow
velocity for a given position in the capillary. The total sample zone velocity (B, v.) decreases
during the removal of the terminator zone. All further parameters are given in Experimental.
(B) The same velocities as in 3A are calculated for an electroosmotic and electrophoretic mo-
bility of respectively 30 and -42 10° m?V-s and a yof 0.1. At 4% terminator zone length the
electrophoretic velocity is counterbalanced by the electroosmotic velocity. This implies that
in principle anionic ITP-CZE can be carried out without a hydrodynamic counterflow.

In Fig. 3A the calculated electrophoretic and electroosmotic velocities during the focusing
procedure are shown for a given position in the capillary. Although the local electroosmotic
velocities in the leading (Veor,L) and terminating zone (Veor,T) Vary during the focusing proce-
dure, the bulk electroosmotic flow velocity (Veor, line A) is more or less constant. The electro-
phoretic velocity (veiL, line C) of the anionic leading ions increases in the opposite direction
(gets more positive). This means that the total sample zone velocity (vi, line B) reduces as the
terminating buffer is removed from the capillary using a constant voltage.

When the electroosmotic mobility in the leading zone is approximately equal to the electro-
phoretic mobility of the leading ions, there is one value of x where the zone velocity is zero. A
reduced pressure is necessary to remove the remaining terminator buffer. The sample zone
velocity will be reversed as the terminator zone length is getting smaller. Under these condi-
tions (i.e. -my ~ Meor,L) in principle the complete ITP-CZE procedure can be carried out without
the application of a hydrodynamic counterflow.
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Under the conditions in Fig. 3B the leading zone velocity in is zero at 4% terminator zone
length. This means that when ITP-CZE is carried out without application of a counterflow the
sample zones will be focused at 4% terminator zone length. Under these conditions the velocity
of the front boundary of the sample zone is not counterbalanced by a hydrodynamic flow. As
a result the terminator zone length containing the analyte ions is reduced to 4% already during
the focusing step. As mentioned in Theory, this means that a loss of analyte may occur. There-
fore the sample should be dissolved in leading buffer so that the rear boundary of the sample
zone is the boundary between leading and terminating buffer. During focusing this boundary
moves to the 4% position and remains there. The front boundary will migrate to the rear bound-
ary without loss of analyte. The boundary velocity and the focusing time are then given by
respectively eqn. (6) and (30). After the focusing step the CZE can be started without the ad-
ditional step of the removal of the terminator buffer, providing that the 4% zone does not dis-
turb the CZE separation. Fine tuning of the leading ion velocity with respect to the electroos-
motic flow velocity is one way of optimising such an ITP-CZE procedure. This broadens the
applicability of automated anionic single capillary ITP-CZE to all commercially available sys-
tems that are not capable of fine adjustment of a pressure.

Verification of sample zone velocity

To verify the derived equation (16) a counterflow experiment is carried out using height
differences for focusing a zone of coloured dye on a fixed position in the capillary. The height
difference is measured at two points, where the sample zone is slowly moving forward and
where the sample zone is slowly moving backward. The mean value is considered the height
difference where the sample zone velocity is zero. At height differences close to zero, where
the direction of the sample zone velocity reversed, it is not possible to obtain reliable results.
A hysteresis in the zone velocity is observed when counterbalancing it with a hydrodynamic
velocity. Different results are obtained depending from which direction the height difference
is changed. At height differences of 5 cm or more the data became reproducible. In Fig. 4A the
calculated line and measured data points are shown. The deviation of the measured data points
from the calculated line may be due to temperature effects which become more pronounced at
small terminator zone lengths.

In Fig. 4B the calculated current is plotted against the pressure difference needed for a
proper counterflow which is a straight line (egn. 24). The same data points as in Fig. 4A are
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used in 4B. The regression line of the calculated data is p = 18.4 - 1.76 I, the line of the meas-
ured data is p = 18.5 - 1.92 I. The measured intercept is approximately similar to the calculated
intercept. The calculated slope is 9% below the value of the measured slope. Using the regres-
sion line for p=0 the current at zero sample zone velocity (i.e. -Vel,L = Veor) is calculated. For the
calculated line this is at 10.5 pA, for the measured data this is 9.63 pA.

Fig. 4B demonstrates that relatively small differences in the used parameters may result in
considerable differences in the calculated and the actually needed pressure, especially near the
point of reversal of the pressure. However, it should be kept in mind that current monitoring
will be a convenient tool in compensating for these differences. Only when the appropriate
pressure is applied under isotachophoretic conditions the current will be constant. In Experi-
mental all parameters and those used for calculations are given.
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Fig. 4 (A). Calculated counterbalancing pressure difference in ITP-CZE (line) and the meas-
ured data points at several positions in the capillary. A negative pressure difference is
needed for complete removal of the terminator buffer from the capillary. All parameters are
given in Experimental.

(4B). For several positions of a sample zone in the capillary the running current is plotted
against the counterbalancing pressure. Calculated (A) and measured (B) data results in a
straight line as predicted by eqn. 24. The same data points as in 4A are used.

Temperature effects

One of the assumptions in the described model is that the temperature in the leading and
terminating buffer zone is the same and constant. For isotachophoresis this is not true because
the electrical field strength in the leading buffer is lower than in the terminating zone. However,
in systems with efficient dissipation of the Joule heat the effects of axial temperature differ-
ences will be negligible. The temperature inside the capillary can be calculated using [13]
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T=T, + -—In—+—|n—+T (31)

where di, d2 and ds are the inside capillary diameter, the outside fused silica diameter and the
outside polyimide diameter, respectively. Ta is the working temperature and h is the heat trans-
fer coefficient to the surroundings. The thermal conductivities ki and k> are respectively 1.5
Wm-tK- for silica and 0.16 Wm-K-! for polyimide. For example, the temperature in the lead-
ing and terminating zone is calculated for a terminating zone length of 60% and 10% of the
total capillary length under conditions as described for Fig. 2.

When the capillary is filled for 60% with sample in terminating buffer, the temperature in-
side the leading and terminating zone is 293.3 K and 293.8 K respectively (T.=293, E.=10.4
kvm?, Er=26.4 kVm, «.=0.070 Sm™, «7=0.027 Sm-%, d1=100 um, d,=340 pum, d3=355 pm,
h=180 Wm=K-%, for other conditions see Experimental). The viscosity and electrophoretic mo-
bility decrease 2.6% per degree K, which means a difference of 1.3% in viscosity and mobility
is expected under these conditions. The effects on the calculated counterbalancing pressure will
be negligible.

After the focusing step the terminator buffer is removed from the capillary. When the length
of the terminating zone is 10% of the total capillary length the temperature inside the leading
and terminating zone is respectively 293.8 and 295.1 K (E.=17.3 kVm™, Er=44.1 kVvm™).
When the running voltage is reduced to 6 kV (Eo=12 kVVm!) the temperature in the leading and
terminating zone becomes 293.3 K and 293.8 K respectively (Ta=293, EL.=10.4 kVm!, E1=26.5
kVm). As the terminating zone gets smaller the temperature will increase. In our experience,
the corresponding decrease of viscosity does not interfere with automated ITP-CZE proce-
dures.

Current monitoring

The calculated change in current (egn. 20) is in good agreement with the measured data (Fig.
5). The change in current at constant voltage during the focusing procedure is calculated for
several other conductivities of the terminator buffer (Fig. 6). The larger the difference in con-
ductivity, the larger the change in current. In practice large differences in conductivity will
make automated switching from ITP to CZE using current monitoring easier.
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Fig. 5. Calculated change in current at a constant voltage during the focusing step in ITP-
CZE (line) and the measured data points at several positions in the capillary. All parameters
are given in Experimental.

When the zone length of terminator buffer is 5% of the total capillary length, the current is
at 95% of o for a conductivity ratio of 0.48 (line A). Where Io is the maximum current when
the capillary is completely filled with leading buffer. For the same terminator zone length the
current is at 50% of o for a conductivity ratio of 0.048 (line C). In practice this means that at
large differences in conductivities smaller terminator zone length will remain after automated
switching from ITP to CZE. However, in case of similar conductivities of leading and termi-
nator buffer, somewhat larger remaining terminator zone lengths are allowed. The effect on
zone broadening in the CZE step caused by conductivity differences will consequently be less.

In Fig. 7 the effect of the length of the remaining terminator zone on the CZE separation is
shown. When the current at the moment of switching is lower than 92% of lo zone broadening
occurs. The corresponding remaining terminating zone length is 10% of the total capillary
length.
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Fig. 6. The calculated change in current at a constant voltage during the focusing step in
ITP-CZE. A conductivity ratio of terminating and leading buffer () of 0.48 (A), 0.24 (B) and
0.048 (C) is used for calculation. The conductivity of the leading buffer (x.) is kept constant.
The ionic mobility of the terminator ions is -22.0 10° m?V-s%, All other parameters are given
in Experimental.

Although the 10% seems like an overload of the CZE, the effect on the peak shape is rela-
tively small. Because of the conductivity ratio of 0.48 the disturbance of the homogeneity of
the electric field by the remaining terminator zone is limited. A larger difference in conductivity
would result in more peak broadening, but the consequently smaller conductivity ratio would
make precise switching with small remaining terminator zones easier (Fig. 6, C: y = 0.048).

The reproducibility of CZE migration times in ITP-CZE with automated switching using
current monitoring is investigated for six ITP-CZE runs. The current is programmed at 99% of
lo at the switching time. The RSD in migration times is 1.4%. This is approximately three times
higher in comparison with CZE in a bioassay of anthracyclines where a RSD of the migration
times of 0.5% has been reported by our group [4].
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Fig. 7. The effect of the remaining terminator buffer zone length on the CZE separation of
FITC (1) and F (2) in ITP-CZE. Other peaks are unknown degradation products of FITC.
Automated switching using current monitoring is used at 88.2 (A), 90.9 (B), 93.6 (C), 96.3
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(D), and 99.0 (E) percent of the maximum current lo. Because of a decrease of the migration
length in CZE a decreased migration time is notable as the remaining terminating zone gets
larger.

Conclusions

Equations have been derived giving the zone velocity and the current for a given terminator
zone length in single capillary ITP-CZE. Monitoring the current offers the possibility to calcu-
late the hydrodynamic flow velocity that is needed to counterbalance the leading zone velocity.
It is therefore expected that current monitoring can be used in an automated feedback mecha-
nism to control the applied pressure. Correlation between current and the position of the sample
zones in the capillary can be used for automated switching from ITP to CZE. This results in
reproducible CZE migration times and will make the implementation of automated focusing
procedures in bioassays easier.

Under certain conditions ITP-CZE separations can be carried out even without the applica-
tion of a hydrodynamic counterflow. This extends the applicability of this procedure to equip-
ment that is not capable of applying a hydrodynamic pressure during the focusing step.
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Automated On-Capillary Isotachophoretic Reaction Cell for Fluo-
rescence Derivatization of Small Sample Volumes at Low Concen-
trations Followed by Capillary Zone Electrophoresis

Abstract

An automated on-line reaction cell is described combining the concentrating properties of
isotachophoresis (ITP), the separation efficiency in capillary zone electrophoresis (CZE) and
the detection sensitivity of laser induced fluorescence detection (LIF). The applicability of the
reaction cell is demonstrated for an automated derivatization procedure of glutathion (GSH)
and several amino acids with ortho-phthaldialdehyde (OPA) and naphthalene-2,3-dicarboxal-
dehyde (NDA). Nanolitres analyte, at nanomolar concentration level, are concentrated and
derivatised in capillary ITP. The derivatives are analysed by CZE with LIF detection. The en-
tire procedure is automated and takes place in the same capillary using single capillary ITP-
CZE. Furthermore, an easy applicable on-capillary OPA derivatization is described for CZE
without ITP step.

Introduction

The on-line coupling of CZE with other analytical separation techniques has resulted in
increased selectivity and separation power. Improvements in detection techniques has resulted
in detection of extremely low amounts of analyte [1-3]. In combination with electrophoretic
stacking or isotachophoretic preconcentration methods the corresponding determination limits
are impressive [4].

Small injection volumes, typically in the nanolitre range, are characteristic for CZE. How-
ever, in most analytical sample pretreatment procedures the smallest volumes that can be han-
dled are in the microlitre range. This implies that in most cases more than 99% of the sample
is wasted. In situations where analytes are chemically modified before analysis a more efficient
use of reagents is achieved by reduction of the reaction cell volume. This is especially relevant
in cases where expensive reagents are involved such as enzymes or antibodies. The reaction
cell described in this paper has at least a factor 100 lower reagent consumption compared to a
conventional 100 microlitre reaction vial. The applicability of the reaction cell is demonstrated
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for a fluorescence introducing derivatization reaction.

The use of on-line fluorescence derivatization procedures puts several demands on the ana-
Iytical method. Fluorophoric derivatization reagents, which show fluorescent properties similar
to that of the derivatization product, are difficult to apply in an on-line procedure because the
reagent has to be separated from the derivative before detection takes place. Therefore, fluor-
ophoric derivatization reagents are usually applied in the pre-column mode, sometimes in com-
bination with an additional step for removal of the excess of reagent. Fluorogenic reagents,
which do not have fluorescent properties similar to that of the derivatization product, are con-
siderably easier to apply in on-line procedures [5-7].

Several applications of CZE with LIF and precolumn derivatisation have been described [1-
3, 7]. Recently, Houben et al. [8] described an automated derivatization procedure for absorb-
ance detection of amino acids. Combination of CZE with an on-capillary enzyme reactor has
been described by Avila et al. [9]. Chang et al. described an on-column protein digestion with
pepsin followed by CZE with native LIF detection [10].

In this paper the applicability of the capillary reaction cell is demonstrated for an automated
on-capillary derivatization of low concentrations of analyte in single capillary ITP-CZE. The
analyte is concentrated in the focusing step, derivatized in the ITP step and analysed in the CZE
step. The method takes place in a commercially available CZE system without any hardware
modifications. In previous papers we have described automated procedures for ITP-CZE in a
single capillary for cationic and anionic separations [11-13]. Furthermore, an on-capillary OPA
derivatization is described for CZE without an ITP step of amines at higher analyte concentra-
tions.

Experimental

Untreated fused silica capillaries (SGE, Ringwood, Victoria, Australia) were used. A pro-
grammable injection system for capillary electrophoresis (PRINCE, Lauerlabs, Emmen, The
Netherlands) equipped with a reversible polarity power supply and possibility for pressurised
and electrokinetic injection was used for the analyte focusing process. The LIF detection sys-
tem has been described previously [11]. Excitation of OPA derivatives took place at 351.1 and
363.8 nm, for emission a 450 nm bandpass filter (10 nm bandwidth, type 53830 Oriel, Stratford,
CT, USA) was used. The NDA derivatives were detected using the 457.9 nm laser line for
excitation and a 515 nm long pass filter (Oriel) for emission.
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Chemicals

Sodium cacodylate, triethanolamine (TEtOHA) (97%) and 4-(2-Hydroxyethyl)-1-pipera-
zine ethanesulphonic acid (HEPES) were purchased from Janssen Chimica (Beerse, Belgium).
Hydroxypropylmethylcellulose (HPMC) with a viscosity for a 2% aqueous HPMC solution of
4000 cP, came from Sigma (St. Louis, MO, USA). Acetic acid (HAc), sodium borate, phos-
phoric acid, barium hydroxide, potassium cyanide (KCN), glutamic acid (Glu), aspartic acid
(Asp), arginine (Arg), lysine (Lys), tryptophan (Trp), phenylalanine (Phe), threonine (Thr),
serine (Ser), 3,4-dihydroxyphenylalanine (Dopa) and bromophenol blue were from Merck
(Darmstadt, FRG). OPA and p-mercaptoethanol (ME) were from Aldrich Chemie (Steinheim,
Germany). NDA came from Molecular Probes (Eugene, OR, USA). In all experiments deion-
ised water was used (Milli-Q system, Millipore, Bradford, MA, USA).

Analyte focusing with on-capillary derivatization

The ITP-CZE procedures were used as described previously [11, 12], with exception of the
first step (Fig. 1). In step 1 the capillary was filled with leading buffer containing the derivati-
zation reagent. Then the injection of sample takes place hydrodynamically at a pressure of 100
mbar. In step 2 the analyte focusing starts by applying a voltage in conjunction with a hydro-
dynamic pressure. After 5 - 20 min of focusing and derivatization, depending on the injected
volume, a voltage of -20 kV was applied without a hydrodynamic pressure (step 3). The zone
of terminating buffer was removed isotachophoretically out of the capillary. At the time that
the sample zone was approaching the capillary inlet the terminator buffer vial was replaced for
a vial containing the CZE background electrolyte (step 4), the voltage was reversed and the
CZE run was started (step 5).

The current was monitored for precise timing of the moment to switch from ITP to CZE.
When a constant voltage was applied the current increases as long as the terminating ions leave
the capillary. The CZE equipment can be programmed so that at a defined threshold of the
current the switching takes place automatically. In principle all ions with mobilities below that
of the terminating ion, including the counter ions, were removed by the described procedure.
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injection detection

Fig. 1. Schematic representation of the on-capillary derivatization during the ITP step in sin-
gle capillary ITP-CZE. In step (1) the neutral reagent (n, in leading buffer) was injected be-
fore the sample (S, in terminating buffer). In the focusing step (2) electrophoretic and hydro-
dynamic velocities were balanced so that the boundary (B1) was kept on a fixed position in
the capillary. Boundary (B2) moves to boundary (B1). The neutral derivatization reagent was
moving through the sample zones into the direction of the cathode and the derivatization
takes place. The reagent was supplied by injection as a zone with a defined length or continu-
ously supplied by addition to the leading buffer vial. See Experimental for further explana-
tion.
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ITP-CZE buffer systems

System I: The leading buffer consisted of 10 mmol/l HAc set at pH 8.0 with TEtOHA and
was also used as CZE background electrolyte. The terminating buffer was 10 mmol/l HEPES
set at pH 8.0 with TEtOHA. The capillary dimensions were 590 x 0.100 mm, detection took
place at 520 mm from the inlet.

System I1: The leading buffer was a 10 mmol/l sodium phosphate buffer at pH 9.4 and was
also used as CZE background electrolyte. To the leading buffer 0.05% (w/v) of HPMC was
added. The terminating buffer consisted of 10 mmol/l sodium cacodylate set at pH 9.4 with
Ba(OH). and contained 0.05% HPMC (w/v). The capillary dimensions were 700 x 0.100 mm,
detection took place at 600 mm from the inlet.

System I1l: The CZE buffer consisted of a 40 mmol/l borate buffer at pH 9.5 and contained
0.1 mg/ml OPA and 0.1% (v/v) ME. In initial experiments 1.0 mg/ml OPA was used. The
capillary dimensions were 730 x 0.075 mm, detection took place at 665 mm from the inlet.

Derivatization

Pre-column OPA derivatives were made by 1:1 addition of the analyte in leading buffer to
an OPA solution of 1 mg/ml in leading buffer containing 0.1% ME. The NDA derivatives were
made by 1:1 addition of the analyte in leading buffer to a NDA solution of 2 mmol/I in leading
buffer containing 1 mmol/l potassium cyanide. The NDA reagent was diluted from a stock
solution of 100 mmol/l in MeOH and mixed with KCN in leading buffer just before the deri-
vatization was started.

For on-capillary derivatization reactions in ITP-CZE the reagent was added to the leading
buffer. The OPA reagent was used at a concentration of 0.1 mg/ml and 0.01% ME and was
added to the leading buffer vial. This buffer vial was used during the entire ITP-CZE procedure.
The NDA and KCN concentration was 0.1 mmol/l. The NDA reagent was supplied by injecting
a zone of leading buffer containing the derivatization reagent before sample injection for im-
mediate start of the derivatization during the focusing step. For NDA derivatization with con-
tinuous supply of reagent only during the ITP step the leading buffer vial was switched for a
leading buffer vial containing the NDA reagent. Glutathion is unstable under alkaline condi-
tions and was added to the terminator buffer just before injection.
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Theory

Derivatization reactions

The OPA reagent in combination with a nucleophile such as -mercaptoethanol (ME) forms
N-substituted 1-alkyl-isoindole derivatives. The derivative is formed within one minute and
slowly decomposes (Fig. 2A). Therefore, it is important that the reaction times are kept con-
stant.

This makes the OPA reagent only suitable for pre-capillary derivatization if the procedure
is automated so that the derivatization times are kept constant as is the case in the described
on-capillary derivatization methods. Derivatization of peptides with the OPA reagent is only
possible if the peptide contains lysine, due to the high reactivity of the e-amine function [14,
15].

100

rel. peak height

0 10 20 30 40 50 60

time (min)



Automated On-Capillary Isotachophoretic Reaction Cell for Fluorescence Derivatization of
Small Sample Volumes at Low Concentrations Followed by Capillary Zone Electrophoresis

183
B
4
3
-,
=
20
U
<
Y 2 A
<
]
e
B
1 -
0 : : : : : :
0 20 40 60 80
time (min)

Fig. 2. Relative peak height measured at different times after derivatization of GSH (1), Asp
(2) and Glu (3) with (A) OPA/ME and (B) NDA/CN reagent. Concentrations analyte are re-
spectively 100, 100 and 200 ng/ml for the OPA derivatization and 1.0 pumol/I each for the
NDA derivatization.

The NDA reagent in presence of a nucleophile such as cyanide forms stable derivatives with
primary amines, including the terminal amine function of peptides. As a result of the formation
of side products and the derivatization time needed (10 min for peptides, Fig. 2B) it is mainly
used as pre-capillary derivatization reagent. NDA in combination with ME forms a less stable
product but in combination with fast reaction times (1 min for peptides) it is suitable as post-
capillary derivatization reagent [16].

OPA and NDA are also used in derivatization procedures for electrochemical detection [17],
for NDA derivatives a selective peroxyoxalate chemiluminescence detection procedure has
been described [18]. Certain analytes such as histidine [19], histamine [19], spermidine [20],
serotonin [21] and glutathione [22, 23] react with OPA without addition of a nucleophile which
increases the selectivity of the derivatization reaction considerably.
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ITP-CZE

Capillary zone electrophoresis (CZE) has become an important separation technique com-
plementary to high-performance liquid chromatography (HPLC). One of the challenges in the
application of CZE separations in the analysis of biological samples is to reach for relevant
determination limits. Electrophoretic analyte focusing techniques provide a way to increase the
loadability and concentration detection sensitivity in CZE. The coupling of ITP with CZE has
been described by several authors [4]. Improvements in determination limits by a factor of
1000 have been reported.

In ITP a discontinuous buffer is used and only anions or cations can be analysed in one run.
In anionic separations the capillary and the anode vial is filled with leading buffer. The leading
buffer contains anions with a mobility higher than the mobility of the analyte ions. The cathode
vial is filled with terminating ions which have the lowest mobility. The pH is set with the
buffering counterions. In the steady state, when the analytes are separated, they migrate as
consecutive zones ordered by their electrophoretic mobilities. A characteristic of ITP is its
concentrating property. The concentrations of analyte ions are adapted to the concentration of
the leading ions according to the Kohlrausch regulation function [13]. The analyte concentrat-
ing property makes the technique attractive as preconcentration technique for CZE.

On-capillary reactions in ITP-CZE

An on-capillary reaction cell in ITP-CZE puts several demands on the system that is used.
The reagent is added to the ITP buffer, therefore it should not be reactive to buffer components
and the buffers should be of a high purity. In case of reactions with primary amines the number
of buffers that can be used is limited. When the reagent is ionic, care must be taken that the
isotachophoretic conditions are not disturbed and that mixing of the reagent with sample zones
takes place. The analyte is derivatized under ITP conditions. To maintain sharp analyte zones
the analyte and derivative should be within the ITP separation window. These conditions are
all fulfilled with the OPA and NDA derivatization of primary amines.

The combination of single capillary ITP-CZE and an on-capillary reaction offers several
advantages. Reaction conditions such as the temperature can be chosen easily, most of the
commercially available CZE equipment offer the possibility of temperature control. The reac-
tion time can be chosen as long as necessary. We already demonstrated that the ITP time does
not influence the efficiency in single capillary ITP-CZE [11]. When the analyte zone is con-
centrated and fixed on a certain position in the capillary it stays there until the hydrodynamic
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pressure is reduced. In an automated ITP-CZE procedure the reaction time will be constant
which is important in case of unstable reaction products.

Using single capillary ITP-CZE adds an interesting feature to reaction kinetics. Not only the
initial concentrations of reactants can be set but also the supply of fresh reagent can be varied
while the analyte concentration is kept constant. In principle only the length of the underivat-
ised analyte zone will reduce under ITP conditions until the derivatization is complete. The
mixing of the reacting species is done in a very controlled way. The velocity of the neutral
reagent is precisely known and can be manipulated by the applied electrical field strength dur-
ing the ITP step. The velocity of the analyte is zero and because of the concentrating properties
of ITP the analyte concentration will be high resulting in favourable reaction kinetics. The
excess of reagent will automatically be removed before the CZE is started. All reaction prod-
ucts that are outside the separation window with a mobility lower than the terminator ions, are
discarded during the ITP step. Another aspect is that in ITP-CZE using narrow bore capillaries,
reactions in picolitre volumes can be carried out.

The reagent molar mass flow

One of the attractive features of the on-capillary isotachophoretic reaction cell is the possi-
bility of controlling the reagent molar mass flow in the analyte zone. The reagent molar mass
flow is calculated by deriving an equation for the velocity of neutrals during the ITP step. A
simple buffer system is assumed, consisting of only one type of univalent cations and anions
(i.e. L and R*, T-and R* for leading and terminating buffer).

In single capillary ITP-CZE a hydrodynamic pressure is applied during the focusing and
ITP step to keep the front boundary of the sample zone (Fig. 1, B1) on a fixed position in the
capillary. The hydrodynamic flow velocity counter balances the velocity of the leading ions so
that the total velocity of the leading ions is zero. In the focusing step the terminating boundary
of the sample zone (B2) migrates towards B1 resulting in a concentration of the analytes until
the ITP state is reached. Under isotachophoretic conditions the velocities of all anions are the
same. This distinguishes the focusing step from the ITP step.

The molar mass flow of a neutral reagent in the ITP step (J in mol/s) is determined by the
reagent velocity, the cross sectional area of the capillary and the reagent concentration and is
given by
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J=vrric Q)

where v is the velocity of the neutral reagent under ITP conditions with a counterbalancing
pressure, c is the reagent concentration and r is the capillary radius.
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Fig. 3. Velocities during electrophoresis (1-3) and during electrophoresis under ITP condi-
tions (4, 5). The vectors represent the electrophoretic velocity of the leading ions (1), the ve-
locity of the electroosmotic flow (2), the net velocity of the leading ion (3) which is the sum of
(1) and (2), the velocity of the counterbalancing hydrodynamic flow (4) and the velocity of
the neutrals in presence of the counterbalancing hydrodynamic flow during the ITP step (5).
For further explanation see Theory.

When the velocity of the leading ions is counterbalanced by a pressure induced flow, the
electrophoretic velocity of the leading ions will be zero. Fig. 3 gives a schematic vector repre-
sentation of the velocities during electrophoresis. Under ITP conditions the velocity of the neu-
trals is determined by the hydrodynamic and electroosmotic velocity. During electrophoresis a
leading anion with an electrophoretic velocity (vector 1) will migrate to the cathode with a total
velocity (vector 3) due to a high electroosmotic velocity (vector 2). Neutrals are carried with
the electroosmotic flow and have a velocity (vector 2). When a counterbalancing pressure is
applied (vector 4), the velocity of the anion (vector 3) is reduced to zero. Under these conditions
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the velocity of the neutrals (vector 5) is also reduced. The velocity of neutrals under conditions
with a counterbalancing pressure (vector 5) is the same as the electrophoretic velocity of the
leading anions without a counterbalancing pressure (vector 1), in the opposite direction.

The velocity of the neutrals is then given by [13]

V = -VelL (2

where Ve is the electrophoretic velocity of the leading ions under ITP conditions without a
counterbalancing pressure.

The supply of reagent can be manipulated by the electric field strength. Using ve,.=m_EL,
the reagent molar mass flow is given by

J=m.ELnrlc 3)

where m,_ is the effective electrophoretic mobility of the leading ions and E_ is the electrical
field strength in the leading buffer zone. Analogous to (3) the molar mass flow in the terminator
zone is given by J = m;Et  r? ¢. In the isotachophoretic steady state the electrical field strength
in the leading buffer zone (EL) is by definition lower than in the terminating buffer zone (Er).
In ITP it holds that Erm=ELm, which means that the molar mass flow of the neutral reagent
in the terminator zone is the same as in the leading buffer zone. In a similar way it can be shown
that in ITP the molar mass flow in the sample zones is the same as in the leading buffer zone.

The capillary reaction cell is not only restricted to neutrals. Charged reagents can be used
as long as the focusing and ITP process are not disturbed. In case of anionic separations cationic
reagents or anionic reagents with a low electrophoretic mobility can be used as well. Ampho-
Iytic reagents (enzymes, antibodies) can be used at a pH near the isoelectric point where the
net charge is zero. For on-capillary NDA derivatization of amino acids cyanide is used which
has a small anionic charge at the working pH (pKa cyanide is 9.5). When a counter ion is used
as a reagent the velocity and concentration in the leading and terminating zone can be calcu-
lated using the well known moving boundary equation.
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Results and discussion

Several aspects of the on-capillary reaction cell are investigated. The linearity and repro-
ducibility of the method is investigated for the selective derivatization of GSH with NDA at
nanomolar analyte concentration levels. Supplying the reagent immediately after analyte injec-
tion is compared with supplying the reagent from the leading buffer vial after the focusing step,
only during the ITP step. A less selective and more widely applicable derivatization procedure
of amino acids with NDA in conjunction with CN is investigated.

The loadability and linearity over a large concentration range is investigated for the
OPA/ME derivatization in ITP-CZE of some amino acids. Finally, the linearity and efficiency
of a rapid on-capillary derivatization of amino acids in CZE without ITP step is investigated.

On-capillary isotachophoretic derivatization with NDA

In Fig. 4 the electropherograms are shown of the on-capillary reaction of GSH with NDA at
nanomolar concentration level. System | is used for ITP-CZE (Experimental). The capillary is
filled for 13.5% with leading buffer containing NDA, followed by a 27% injection of termina-
tor buffer containing GSH.
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Fig. 4. On-capillary NDA derivatization and ITP-CZE of 3.0 (A) and 1.0 (B) nmol/l GSH (1)
and the blank (C). Peak (2) is the internal standard fluorescein. Other peaks are system
peaks.

The focusing step took place at a voltage of -10 kV, in the CZE step 25 kV is used. The
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electrical field strength in the leading buffer zone under ITP conditions is -12 k\V/m (for calcu-
lation see [13], conductivity ratio leading and terminating buffer is 0.39, fractional leading zone
length 0.73). When an effective electrophoretic mobility of acetate of -42 10° m?V-1s1 is as-
sumed, the velocity of the neutral NDA is 0.5 mm/s (egn. 2). The reagent molar mass flow is
3,92 102 mol/s under these conditions (eqn. 3, ¢=0.1 mol/m?, v=0.5 mm/s). The time for the
NDA zone to leave the capillary is 372 s.

The linearity of the reaction of NDA with GSH is investigated at concentrations just above
the detection limit from 1 to 11 nmol/l (Table ). The correlation is considerably improved by
using fluorescein as internal standard. The relative standard deviation in CZE migration times
of the ITP-CZE derivatization procedure is 1.4% (n = 5).

Table 7. Unweighted linear regression data of the on-capillary derivatization in ITP-CZE of
GSH with NDA in the range 1 - 11 nmol/l. Six calibration points are used with concentration
intervals of 2 nmol/l. Analyte injection volumes of 1.25 pl are used corresponding to 27% of
the capillary volume. The intercept a and the slope b are given with the standard deviation.
The correlation coefficient is r.

a SD b SD r
height 248 152 151 22 0.960
height ratio 0.18 0.10 0.20 0.015 0.989
area ratio -0.022 0.084 0.17 0.012 0.990

When in the ITP-CZE procedure, the capillary is filled with leading buffer containing the
neutral reagent, the derivatization starts immediately after injection of the analyte. For the con-
sidered derivatization reaction this is convenient because it reduces the total analysis time.
However, in cases where precise control of the reaction parameters are needed, the starting
time of the reaction should be better defined. Therefore, the possibility of performing a deri-
vatization reaction under ITP conditions is demonstrated in Fig. 5.

The same ITP-CZE buffers are used as in Fig. 4 except that the capillary is filled with lead-
ing buffer without NDA reagent. The underivatised GSH is focused for 10 minutes and then
the leading buffer vial is replaced for a leading buffer vial containing the reagent. The GSH is
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kept isotachophoretically at a fixed position in the capillary and the velocity of the neutral NDA
reagent is 1.0 mm/s at an ITP voltage of -20 kV (EL=-24 kV/m). After 10 minutes of derivati-
zation under ITP conditions the CZE is started. The remaining NDA reagent migrates with the
velocity of the electroosmotic flow which is seen as an increase of the baseline until t=400s.
At 750s the derivative of GSH appears.
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Fig. 5. ITP-CZE of 5 nmol/l GSH (1) with NDA reagent in the leading buffer vial. Derivatiza-
tion of GSH occurred after focusing during the ITP step. The remaining NDA reagent caused
an increased background in the CZE step. Peak (2) is fluorescein.

This example illustrates the flexibility of the on-capillary reaction cell. The analyte zones
are kept isotachophoretically between the leading and terminating buffer. Using a hydrody-
namic counter flow the position of the analyte zones along the capillary is fixed. By switching
buffer vials cationic or neutral reagents can be supplied, as long as the ITP conditions are not
disturbed the analyte zones remain concentrated. The reaction speed can be increased with the
reagent molar mass flow. This can be done by choosing a leading ion with a high electropho-
retic mobility, by increasing the electrical field strength during ITP or by using higher reagent
concentrations (eqn. 3).
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On-capillary isotachophoretic derivatization with NDA/CN

In the derivatization reaction of amines with NDA in presence of CN stable cyanobenz[f]iso-
indole (CBIs) adducts are formed. However, also several side products are formed, even when
no amine containing analyte is present [18]. The on-capillary derivatization and ITP-CZE anal-
ysis of GSH, Glu and Asp is demonstrated in Fig. 6.
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Fig. 6. On-capillary NDA/CN derivatization and ITP-CZE of 50 nmol/l GSH(1), Glu (2) and
Asp (3). Other peaks are system peaks.

At low analyte concentrations the analysis is hindered by background peaks. Most of the
background peaks appeared also in the blank electropherogram and are formed at the moment
that KCN and NDA are mixed. Therefore, quantitative analysis with NDA/CN derivatization
is difficult at low analyte concentration levels.



192 Chapter 3.4

Table 8. Unweighted linear regression data of the on-capillary derivatization in ITP-CZE of
Glu and Asp with OPA/ME in the range 50 - 2000 ng/ml. Six calibration points are used with
concentrations 50, 100, 200, 500, 1000 and 2000 ng/ml. Analyte injection volumes of 0.53 pl
are used corresponding to 9.6% of the capillary volume.

a SD b SD r
Glu(height) 150 160 3.4 0.17 0.995
Asp(height) -31 100 4.4 011 0.999
Glu(area) 137 1700 36 16 0.997
Asp(area) -19 1500 54 16 0.998

On-capillary isotachophoretic derivatization with OPA/ME

The linearity in on-capillary ITP-CZE derivatization is investigated for the reaction of
OPA/ME with Glu and Asp in the range of 50 - 2000 ng /ml. Although an internal standard is
not used all correlation coefficients are higher than 0.99 (Table II).
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Fig. 7. Derivatization of 100 ng/ml GSH (1), Glu (2) and Asp (3) with OPA/ME with (B) on-
capillary derivatization using ITP-CZE and with (A) CZE with conventional off-line derivati-
zation. Injection volumes are (B) 1800 nl and (A) 13 nl. Improvement in S/N ratio in (A) is
mainly due to the high loadability and the ITP concentration step.

The determination limit of Glu and Asp is 40 pg/ml based on 10 times the signal-to-noise
ratio (Fig. 7B). The noise is calculated as one fifth of the peak-to-peak noise, measured at a
high sensitivity. The determination limit of Glu and Asp in CZE with conventional pre-capil-
lary derivatization is 7 ng/ml (Fig. 7A). In both cases a derivatization time of approximately
10 min is used. The improvement in determination limit by factor of 175 is mainly due to the
concentrating ITP step. The analyte loadability in ITP-CZE is increased by a factor 135 in
comparison with CZE. In CZE several system peaks resulting from the OPA reagent are visible
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between 3 - 4 min (Fig. 7A). In ITP-CZE these side products migrate outside the ITP window
and do not appear in the electropherogram (Fig. 7B).
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Fig. 8. Loadability in on-capillary derivatization of 100 ng/ml Glu (A) and Asp (B) with
OPA/ME using ITP-CZE.

In Fig. 8 the effect of the loadability on the peak height is shown. The increase of peak
height is linear with the loadability until the injection zone length is 60% of the total capillary
length. At higher injection volumes, longer ITP and focusing times are used and degradation
of the derivatives results in a decreased in signal. The zone width is the same at all injection
volumes. Similar results have been obtained in ITP-CZE of these amino acids with pre-capil-
lary derivatization [11].

At high sensitivity determinations precautions are taken to avoid memory effects. Because
ITP-CZE takes place without waste of buffers, in principle all injected analytes maintain within
the separation system until all buffers are refreshed. In conventional CZE this is not a problem
because all analyte ions are migrating in the same direction from injection to detection. How-
ever, in ITP-CZE the voltage is reversed in the ITP step which makes it in principle possible
for analyte ions to be concentrated several times within the ITP window resulting in an increase
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of the background signal. In practice this means that the capillary is flushed between runs and
that the buffers are refreshed several times a day.

On-capillary derivatization for CZE

In cases where the analyte concentrations are high enough the ITP step is not always neces-
sary. In Fig. 9B and C an on-capillary OPA derivatization method for CZE without ITP step is
demonstrated. Simply by adding the OPA reagent to the background electrolyte (system Ill,
Experimental), a nanolitre (or picolitre, if smaller ID capillaries are used) reaction cell is cre-
ated.

Table 9. Unweighted linear regression data of the on-capillary derivatization in CZE of
amino acids with OPA/ME in the range 0.040 - 240 pg/ml. Seven calibration points are used
with concentrations 0.040, 0.200, 0.800, 4.00, 20.0, 80.0 and 240 pg/ml. Electrokinetic injec-
tion is applied at 3kV for 3s, corresponding to 5-15 nl injection volume depending on the an-
alyte mobility.

a SD b SD r
Arg 200 150 0.149 0.002 0.9996
Lys 200 125 0.0048 0.0002 0.997
Trp 120 70 0.0746 0.001 0.9997
Phe 130 70 0.128 0.001 0.9999
Thr 150 100 0.121 0.001 0.9998
Ser -170 250 0.145 0.003 0.9990
Glu -250 320 0.039 0.002 0.997
Asp -160 220 0.030 0.001 0.997

This is demonstrated in Fig. 9B. A mixture of underivatized amino acids is electrokinetically
injected and the CZE is started within 20 seconds. Plate numbers in this on-capillary derivati-
zation procedure (Fig. 9B) are varying from 1.5 10° to 2.5 10°. This is approximately 15%
lower than in CZE with conventional off-line derivatization (Fig. 9A). This indicates that the
OPA derivatization takes place before the electrophoresis is started. Otherwise zone broaden-
ing would occur because of small differences in electrophoretic mobility of the amino acids
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and the OPA derivatives of the amino acids.
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Fig. 9. On-capillary derivatization using CZE without ITP step. Separation of Arg (1), Lys (2,
3), Trp (4), Phe (5), Thr (6), Ser (7), L-Dopa (8), Glu (9), Asp (10). (A) CZE after 10 min off-
line derivatization compared with (B) on-capillary derivatization using CZE immediately
started after injection or (C) started 10 min after electrokinetic injection. All concentrations
are 5 pug/ml except Lys (50 pg/ml), Asp and Glu (12 pg/ml).

The reaction times are easily kept constant in automated CZE procedures and can be in-
creased if necessary, without zone broadening. In Fig. 9C the time between injection and the
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start of the CZE is 10 min. Plate numbers are the same as in Fig. 9B. The fluorescence back-
ground signal increased by a factor 2 after addition of 1 g/l OPA and 0.1 % (v/v) ME to the
background electrolyte. The detection limit for Phe is 10 ng/ml based on a S/N ratio of 3. This
is 5 ng/ml for CZE with conventional off-line derivatization of Phe under similar CZE condi-
tions. When a ten times lower reagent concentration is used in the electrophoresis buffer the
derivatization reaction still takes place and the increase of fluorescence background is less than
20% compared to buffer only. Fluorescent reaction products, including contaminants in the
buffer, decompose in time. Therefore, the OPA reagent is mixed with the electrophoresis buffer
a day before use.

The linearity of the on-capillary derivatization method for CZE is studied in the range of
0.040 - 240 pg/ml for 8 amino acids. All correlation coefficients are higher than 0.99 (Table
).

Conclusions

An on-capillary reaction cell is described for nanolitre volumes at nanomolar concentration
levels. When reactions with expensive reagents are involved the costs are reduced with the
reduction of the reaction cell volume. The applicability is demonstrated for on-capillary fluo-
rescence derivatization reactions. Requirements for the isotachophoretic reaction cell are de-
scribed, including the equations necessary to calculate the electrophoretic supply of a neutral
reagent.

The described procedure combines the concentrating properties of ITP, the separation effi-
ciency of CZE and the detection sensitivity of LIF. The method is automated and quantitative
at nanomolar concentration level for the reaction of GSH with NDA. Depending on the con-
centration of analyte and the required determination limit a choice can be made for on-capillary
OPA/ME derivatization with or without ITP step before CZE.
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Conclusions and Perspectives

Capillary electrophoretic separations are widely applied in analytical methods. The tech-
nique is capable of highly efficient separations which has been demonstrated for a wide variety
of applications. The commercial availability of automated systems makes CE in principle suit-
able for routine analysis. Especially in quality control CZE is already applied on a routine basis.

The limited loadability and the small optical path length, resulting in a lack of sensitivity
are restraining the applicability of the technique for trace analysis. Combining automated pre-
treatment and derivatisation methods with sensitive detection systems will make the potential
of capillary electrophoretic separation methods more widely applicable.

An important conclusion in this thesis is that an ITP step prior to CZE improves the detection
limits, but when dealing with complex biological matrices also a selectivity improvement is
required. Therefore, future research will focus on CZE-compatible, concentrating and prefera-
bly desalting, sample pretreatment methods based on a separation mechanism different from
electrophoresis. An example is a recently developed method that combines a liquid-liquid elec-
tro-extraction with single capillary ITP-CZE [1].

Another research topic will be the development of sensitive detection systems for CZE. In
particular the combination of CZE with electrochemical detection is promising as this detection
method is in principle not restricted by capillary dimensions. Other research will focus on im-
provements in laser induced fluorescence detection and mass spectrometry.
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Summary

Capillary electrophoresis (CE) is characterised by highly efficient separations in presence
of a high electric field. The use of narrow bore capillaries provides an efficient way of dissi-
pating the Joule heat. CE can be performed in several modes depending on the buffer system
that is used. Switching between different modes is easy. Adding a chiral selector to the buffer
enables enantiomer separations, adding a soluble gel enables the separation of macromolecules
based on molecular mass. The poor detection sensitivity is the limiting factor in the applicabil-
ity of CE in analytical methods. In this thesis several approaches are described of improving
the loadability and the determination limits in CE.

Bioanalysis of some anthracyclines in human plasma is described with picomolar determi-
nation limits (Chapter 1.2). These low determination limits are achieved by combining a con-
centrating sample pretreatment, a concentrating analyte injection procedure and sensitive and
selective laser induced fluorescence detection. An optimisation strategy is described for CZE
with indirect detection (Chapter 1.3).

The coupling of C(Z)E with MS is considered one of the most promising developments in
CE. The applicability of CE-MS is restricted to the higher analyte concentration range due to
a combination of limited loadability and detection sensitivity. Several approaches are consid-
ered for improvements of the detection sensitivity. A liquid junction coupling of CZE with MS
using a CF-FAB interface is described (Chapter 2.1). Excessive zone broadening in CZE-MS
with a liquid junction coupling occurs in the transfer capillary. The CZE capillary was over-
loaded to improve the detection limits for peptides. The use of an array detection system in the
MS resulted in a factor 100 increase of sensitivity in the scanning mode. In the coaxial coupling
of CZE with electrospray MS the loadability was improved by a factor of 200 by using an on-
line capillary isotachophoretic analyte focusing before the CZE-MS (Chapter 2.2).

Improvements in detection sensitivity of more than a factor of 100 were obtained by the
coupling of ITP with CZE (Chapter 3.1). The described method is automated, reproducible and
takes place in a commercially available CZE system without any hardware modifications. A
strategy is described for setting up an ITP-CZE method (Chapter 3.2). CZE with indirect de-
tection is used for determination of the migration order of leading, terminating and analyte
ions. This information is needed to optimise the ITP separation window. The hydrodynamic
pressure that is needed in ITP-CZE changes with the length of the leading buffer zone. The
current also changes with the leading zone length and the correlation of the current and the
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counter pressure is described by a straight line (Chapter 3.3). This may be used for an auto-
mated feed-back system for control of the hydrodynamic counter pressure. The application of
completely automated systems will enable the implementation of ITP-CZE in routine analyses.

An automated on-line reaction cell is described in Chapter 3.4. The method combines the
concentrating properties of isotachophoresis, the separation efficiency of capillary zone elec-
trophoresis and the detection sensitivity of laser-induced fluorescence detection. The applica-
bility of the reaction cell is demonstrated for an automated derivatisation procedure of glutamic
acid, aspartic acid and glutathion with ortho-phthaldialdehyde (OPA) and naphthalene-2,3-di-
carboxaldehyde (NDA). Small sample volumes (nanolitres) at nanomolar concentration level,
were concentrated and derivatised in capillary ITP. The derivatives were analysed by CZE with
LIF detection. The entire procedure was automated and took place in the same capillary using
single capillary ITP-CZE.
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Samenvatting

Capillaire electroforese (CE) wordt gekenmerkt door zeer efficiénte scheidingen onder in-
vloed van een hoge elektrische veldsterkte. Het gebruik van capillairen met geringe diameter
maakt een efficiénte warmtedissipatie mogelijk. CE kan in verschillende vormen worden uit-
gevoerd, afhankelijk van de buffer die gebruikt wordt. Overschakelen tussen de verschillende
vormen is makkelijk. Wanneer een chirale selector wordt toegevoegd aan de buffer kunnen
chirale scheidingen worden uitgevoerd. Het toevoegen van een vloeibare gel maakt scheidin-
gen mogelijk op grond van molecuulgrootte. Momenteel is de ongunstige detectiegrens een
beperkende factor in de toepasbaarheid van CE in analytische methoden. In dit proefschrift
worden verschillende mogelijkheden beschreven om belaadbaarheid en detectiegrenzen in
CE te verbeteren.

Bioanalyse van enkele anthracyclines in humaan plasma met een detectiegrens op picomo-
lair niveau, wordt beschreven in hoofdstuk 1.2. Kwantitatieve analyse op deze lage detectie-
grens is mogelijk door combinatie van een concentrerende monstervoorbewerking, een con-
centrerende injectiemethode en gevoelige en selectieve laser-geinduceerde fluorescentie
(LIF) detectie. Een optimalisering voor CZE met indirecte detectie is beschreven in hoofd-
stuk 1.3.

De koppeling van CZE met MS wordt beschouwd als één van de meest veelbelovende ont-
wikkelingen in CE. De toepasbaarheid van CE-MS is beperkt tot hogere monsterconcentraties
door beperkingen ten aanzien van belaadbaarheid en detectiegrens. Verschillende manieren
voor verbetering van de detectiegrens worden beschreven. Een open vloeistofverbinding van
CZE met CF-FAB-MS is beschreven in hoofdstuk 2.1. De piekverbreding in CZE-MS met
een open vloeistofverbinding vindt hoofdzakelijk plaats in het transportcapillair. Het CZE ca-
pillair werd overbeladen om de detectiegrens voor peptiden te verbeteren. Een array detectie-
systeem in MS leidt tot een factor 100 betere gevoeligheid in de scanmode. In de coaxiale
koppeling van CZE met electrospray MS wordt de belaadbaarheid een factor 200 verbeterd
door een isotachoforetische monsterconcentrering toe te passen (hoofdstuk 2.2).

De detectiegrens in CZE verbetert met meer dan een factor 100 door koppeling met ITP
(hoofdstuk 3.1). De beschreven methode is geautomatiseerd, reproduceerbaar en kan toege-
past worden met een commercieel verkrijgbaar CZE systeem zonder dat de apparatuur hier-
voor gemodificeerd hoeft te worden. Een strategie is beschreven voor het opzetten van ITP-
CZE methodes (hoofdstuk 3.2). CZE met indirecte detectie wordt gebruikt voor de bepaling
van de migratie volgorde van leading, terminating en monsterionen. Deze informatie wordt
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gebruikt om de ITP-scheiding te optimaliseren. De hydrodynamische druk die nodig is in
ITP-CZE verandert met de lengte van de leading zone lengte. De elektrische stroomsterkte
verandert ook met de lengte van de leading zone, en de relatie tussen de elektrische stroom-
sterkte en de tegendruk wordt beschreven door een rechte lijn (hoofdstuk 3.3). Dit gegeven
kan gebruikt worden voor een terugkoppelsysteem voor de regeling van een hydrodynami-
sche tegendruk. De toepassing van volledig geautomatiseerde systemen zal de toepasbaarheid
van ITP-CZE in routineanalyse bevorderen.

Een geautomatiseerde derivatiseringsreactie cel is beschreven in hoofdstuk 3.4. De me-
thode combineert de concentrerende eigenschappen van ITP, de scheidingsefficiéntie van
CZE en de detectiegevoeligheid van LIF detectie. De toepasbaarheid van de reactiecel wordt
gedemonstreerd voor een geautomatiseerde derivatiseringsprocedure voor glutaminezuur, as-
paraginezuur en glutation. De ITP-concentrering en derivatisering wordt uitgevoerd met
kleine monstervolumes (nanoliters) en lage monsterconcentraties (nanomolair niveau). De re-
actieproducten worden geanalyseerd met CZE met LIF detectie. De gehele procedure is geau-
tomatiseerd en vindt plaats in één capillair met ITP-CZE.
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