This article describes a free downloadable software simulator for capillary zone
electrophoresis (CZE). This software calculates and displays CZE separations after the user
has entered sample and operating parameters. The software is, therefore, a valuable
resource for training in both CZE theory and method development. The underlying
principles and mathematical basis are described. Selected examples are then provided to
display the function and applicability of the software. Simulated versus experimentally
determined separations compare favourably.

Introduction

Capillary zone electrophoresis (CZE) in free
solution is based on the migration of
charged species under the influence of the
electric field in a medium formed of
electrolyte solution called the background
electrolyte (BGE). The separation column is
a narrow-bore tube, mostly a silica
capillary, with the inner diameter of
10-500 pm. Separated analytes are
introduced into the column as a narrow
sample plug and migrate in the driving
electric field across the longitudinal axis of
the column. As various species have
different velocities in the electric field, they
are spatially separated from one another
and then detected by a suitable detector
located at a certain position of the column.
This is the separation principle. The
separation column can also be formed by a
channel in various materials (glass, plastic,
silica etc.), which is fabricated by means of
technologies normally used for the
production of electronic microchips. In this
way electrophoresis can be a part of a
more complex assembly built on a
microchip, such as micro total analysis
systems (UTAS) or lab-on-a-chip.

Moreover, transport processes in
electrophoresis in free solution take place
in a rather simple environment of
homogeneous solutions and in columns
with simple geometry, such as cylindrical or

rectangular channels. Theoretically, this
situation is much more favourable when
compared with liquid chromatography, in
which separation is based on rather subtle
partitioning between the liquid and solid
phase and, moreover, the transport takes
place in interparticle space and intraparticle
pores of a complicated random structure.
The simple configuration of electrophoresis
in free solution allows the separation
process to be described theoretically in
great detail.

The equations that are required for a
complete description of the separation
process in electrophoresis are acid-base
equations and the continuity equations,
which are partial differential equations
(PDEs). The equations are inherently non-
linear so it is almost impossible to find their
analytical solution. They can be, however,
solved numerically and then the results
come out in a numerical form. The
numerical solution of PDEs by means of
computers is often called dynamic
simulation.™-6 In addition, our laboratory
offers a freeware program, Simul, which
can be downloaded from our website.”
The dynamic simulators impress by
visualizing the movement of all the relevant
quantities in the column; however, the
complexity of the numerical solution of
PDEs puts hard demands on the
computation power and time. The

graphical output of the dynamic programs
does not always enable the very principles
of the separation process to be understood.
The specific experimental set-up of CZE
allows the electromigration equations to be
handled in another way. We take
advantage of the fact that the
concentration of the separated analytes is
small in comparison with the concentration
of the BGE constituents, and so the system
is changed only a little when the sample is
injected. The response of the system can
thus be regarded as linearly proportional,
which allows linearization of the equations
describing the electromigration process.
Poppe et al.8 first introduced the linearized
equations of electromigration and showed
that their solution leads to a matrix
eigenvalue problem. We generalized the
linearized model to include accurately the
presence of hydrogen and hydroxide ions
and introduced a concept that enables
experimental characteristics of the
separated analytes to be calculated.9.10 The
mathematical complexity of the model is
substantially decreased when compared
with the dynamic solution, but still requires
a software tool for obtaining the results. To
provide the tool we developed the
freeware program, PeakMaster, which
implements the linearized model and
enables an instant theoretical inspection of
the behaviour of CZE systems. The way in
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which PeakMaster performs simulation of
CZE is rather specific when compared with
other simulators. It builds a matrix from the
linearized equations that allows direct
calculation of most of the experimentally
available quantities. This straightforward
method has a great advantage: the
computing time is cut down significantly
when compared with dynamic simulators,
which solve PDEs numerically. In practice,
the computing time is commonly less than
one second when using a modern personal
computer. It allows users to play interactively
with the configuration of the separation
system and instantly evaluate the decisive
parameters for a good separation.

Here we will briefly describe the
mathematical model and demonstrate the
abilities of PeakMaster 5.1, which can be
downloaded from our website.”

Equations of the Model Solved by
PeakMaster

The model of electromigration
implemented in PeakMaster 5.19:10 js
primarily based on the ideas of Poppe.8
Acids or bases or ampholytes forming the
electrophoretic system are taken as
constituents of the electrophoretic system
regardless of their valence and regardless
of whether they form the BGE or the
injected sample. There is no restriction on
the number of constituents in the system
nor on their valence. When the analytical
(total) concentration of the i-th constituent
is denoted by ¢, the linearized equations
for small perturbations (see Equation 1) of
the constituents have the shape shown in
the matrix formulation (Equation 2).
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Cy,..., Cy are original non-perturbed
concentrations of constituents, N is the
total number of constituents in the system,
t and x are separation time and the
position in the separation column,
respectively, j @gnd K are the current density
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recorded by the detector but not
associated with any analyte. Such peaks
are also common in electrophoresis and the
previously described model enables the
prediction of a peak’s existence and
migration times with good reliability.
Poppe® showed that the eigenvalues of the
linearized matrix can be interpreted as the
mobilities of the system zones and we
proposed to define such mobilities!! as
system eigenmobilities.

The existence of system eigenmobilities
indicates that certain entities — travelling

CE Currents

are detectable when using indirect or
conductivity detection methods and can
mimic analyte peaks, so in the
electropherogram they look like real
analyte peaks. They are, however, fake
peaks.

Optimization of Background
Electrolytes for CZE — Method
Development

Effective mobilities of analytes:
Obviously, the composition of the BGE has
a great influence on its separation ability

Triangularity of peaks is a disturbing phenomenon that
can substantially contribute to broadening of the

analyte zones.

waves or system zones — move in the
separation column with these mobilities in
the driving electric field. These travelling
zones are called the system eigenzones.
They are, in fact, moving disturbances in
the originally uniform BGE, which were
excited by the injection of the sample into
the separation column. The number of
system eigenzones is the same as the
number of constituents of the BGE. They

for the given mixture of analytes. It is
mainly the pH of the BGE that influences
the effective mobilities of the analytes,
particularly when the BGE pH is near their
pKj values. Once the effective mobilities of
the analytes (at a given pH and ionic
strength) are calculated, their velocities and
migration times in the column can be
determined. This allows the simulation
(visualization) of the resulting

Figure 1: Simulation of separation of local anaesthetics — procaine, lidocaine,
tetracaine, trimecaine, leucinocaine, bupivacaine — in BGE composed of 20 mM

phosphoric acid and 10 mM sodium hydroxide. Calculated pH = 2.464. Direct detection.
u_eff is calculated effective mobility in 10-9 m2V-1s—1. EMD is the S, quantity in
10-3 S m2 mol~-1 expressing the tendency to electromigration dispersion.
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electropherograms. The electropherograms
are displayed as if they were obtained
practically.

PeakMaster includes a database of pK,
and ionic mobilities of many compounds
and allows automatic calculation of BGE
pH and effective mobilities of the analytes.
(PeakMaster in fact allows easy pH
calculation of any buffer, regardless of
whether it is used as a BGE in
electrophoresis.) When a given constituent
is not present in the database, it can be
added providing that its pK, and ionic
mobility is known. In this way the database
can be enhanced and tailored to the
demands of a particular user.
Electromigration dispersion:
Electromigration dispersion (EMD) is caused
by the fact that the velocity of the analyte,
vy, generally depends on the analyte
concentration, cy. This dispersion distorts
the analyte peaks so they obtain rather
triangular shapes. The triangulation can
give the peak either the appearance of a
“fronting” or “tailing” peak depending on
the system under investigation. Triangularity
of peaks is a disturbing phenomenon that
can substantially contribute to broadening
of the analyte zones. The tendency of an
analyte peak to undergo electromigration
dispersion is described by the relative
velocity slope as in Equation 3.
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The EMD value is to be interpreted as
follows: Sy = 0: no electromigration
dispersion, Sy > 0: triangular tailing peaks,
Sy < 0: triangular fronting peaks. There is
confusion in the electrophoretic
community concerning electromigration
dispersion of the peaks. It is often stated
that only matching the mobility of the
co-ion to that of the analyte will eliminate
electromigration dispersion. This is only
true in systems with exclusively strong or
fully ionized constituents. In the majority of
practical systems that use weak
electrolytes, the elimination or at least
substantial diminishing of electromigration
dispersion can be reached by choosing a
suitable composition of the BGE.
Therefore, it is worth evaluating BGE
compositions to find a composition for
which the analyte peaks are narrow and
high, which improves both the resolution
in separation and the sensitivity in
detection.

Sensitivity of detection: In direct
detection (such as direct UV absorption
detection or direct fluorescence detection)
the detector only observes analytes that
have a suitable functionality (i.e., a

Figure 2: Simulation of separation of local anaesthetics — procaine, leucinocaine,
tetracaine, bupivacaine, trimecaine, lidocaine — in BGE composed of 20 mM TRIS and

10 mM hydrochloric acid. Calculated pH = 8.119. Direct detection. The meaning of all

quantities is the same as in Figure 1.
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chromophore or fluorophore). The
sensitivity of detection for the analyte is,
therefore, given by the properties of the
detector and the analyte. When analytes
do not have suitable functionality to be
detected by a particular detector type then
indirect detection is employed. At least one
of the constituents of the BGE must be
detectable to give a baseline detection
signal. The analyte arriving at the optical
centre of the detection will mostly lower
the concentration of the BGE constituents
resulting in a decrease in the baseline
detection signal (i.e., a negative peak). The
concentrations of all constituents of the
BGE will be changed in different ways.
Sensitivity in indirect detection (or
amplitude of the analyte signal) is
proportional to the transfer ratio, TR;. It is
the response of the concentration ¢; of i-th
constituent of the BGE when the analyte
arrives at the site of detection with
concentration (C,) as in Equation 4.

TR,‘ = aC,‘/ aCX [4]

All TR; are calculated by PeakMaster and
are interpreted as follows: TR, = 0: no
indirect signal, TR; > O: positive indirect
signal, TR; < O: negative indirect signal.
Conductivity detection is based on the
change of BGE conductivity caused by the
analyte arriving at the detection position
within the capillary. It is sometimes
incorrectly stated that the amplitude of the
conductivity signal of a particular analyte
(analogously as its electromigration
dispersion) is proportional to the difference
between the analyte mobility and the
mobility of the co-ion of the BGE. This is
not true for systems with weak and not
fully ionized constituents. The theoretical
demands to simultaneously achieve
minimum electromigration dispersion but
still achieve high sensitivity in conductivity
detection are not counter-opposing.
Analyte zones in such optimized
systems should give a good conductivity
signal but their electromigration dispersion
can be near zero, regardless of the
injected amount of sample. The measure of
the sensitivity in the conductivity detector is

“Values of by aré interpreted as follows:
by =:0: no gonductivity signal, by > 0:
posifive cofidugtivity sighal, by <Q:

negative conductivity signal.
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Method development in CZE by
PeakMaster: PeakMaster allows the
chromatographer to

e enter the composition of the BGE (the
individual constituents — acids, bases or
ampholytes — can be selected from the
included database).

e enter the composition of the injected
sample (the individual analytes can also
be selected from the database).

e set instrumental parameters of the
apparatus — capillary lengths, driving
voltage and electroosmotic mobility or
migration time of the electroosmotic
marker (if there is any electroosmotic
flow).

When clicking the “Calculate!” button a
simulated electropherogram is constructed:
the calculated effective mobilities of the
analytes and system eigenmobilities serve
for prediction of migration times of both
analyte peaks and system peaks. The
calculated signals of detectors, TR, and by,
enable prediction of the amplitudes of
analyte peaks and the relative velocity
slope, S, forecasts the possible
deformation of the peak shape because of
electromigration dispersion.

Altering the composition of the BGE has,
of course, the main influence on the
separation, as it influences effective
mobilities of the separated analytes and,
consequently, their resolution. Also other
parameters of the separation systems
(capillary length, driving voltage,
electroosmotic flow mobility) can be tuned
to finally find the configuration giving good
detection signals while simultaneously
keeping the electromigration dispersion
EMD of the analytes low in the absolute
value. Furthermore, the effective mobilities
of the analytes should mutually differ as
much as possible to achieve a good
selectivity. All this can be done completely
visually with PeakMaster — just by viewing
the resulting electropherogram after
altering the parameters.

Examples of Using PeakMaster
Optimization of BGE composition for
separation of local anaesthetics: The
functionality and operation of the software
is highlighted jhitially through the selection

Peakl\/laster S|mu|atlon (F|gure 1) of the
testmg anaesthetxcs m|xture separateqn
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not promising: the resolution of the peaks
is poor while their electromigration
dispersion, EMD, expressed by the Sy, is
rather high — over 10 X 10-3 S m2 mol-1
for all the anaesthetics. It means that the
peaks would tend to broaden and attain
triangular shapes.

As pK, values of the anaesthetics are
about 8-9, it may by suitable to employ a
BGE with a pH in the corresponding range.
This turns out to be a good choice as
Figure 2 shows the results obtained using a
TRIS/HCI buffer (pH = 8.1). The resolution
of the analytes is considerably improved
and the EMD is acceptable, ranging from
0.5 %X 10310 3 X 103 S m2 mol-'. The
peaks have a better shape resulting in
better resolution and higher detection
sensitivity.

Inspection of a problematic BGE: Only
few people realize that neutral phosphate
buffer having a pH around 7 has a system
anionic eigenmobility of about —35 to —40
X 1079 m2V-1s-1. Because this is in the
range where effective mobilities of
common analytes (e.g., acetates) can
occur, the system eigenzone may interfere
(overlap) with an analyte zone. It is known
that the system zone can strongly interact
with the co-migrating analyte zone!2.13

CE Currents

and cause a phenomenon called either
resonance!! or schizophrenic dispersion.14
This is manifested as an unusually large
response in the indirect or conductivity
detection which, moreover, possesses a
zigzag shape. At the same time, the zone
of the analyte in resonance undergoes
excessively high dispersive forces causing
its extensive spatial dispersion. The
coincidence of the system peak and the
analyte peak can also occur in other BGEs,
especially in those using multiple
constituents.

PeakMaster is able to forecast these
disturbing, though highly interesting,
phenomena. Figure 3 shows a simulation
of the separation of three analytes —
bromide, chloride and acetate (or
hydrobromic acid, hydrochloric acid and
acetic acid) — in the almost neutral
phosphate buffer. One of the calculated
eigenmobilities, the 2nd system
eigenmobility, is —38.853 X 10-9 m2V-1s-1
(see the left bottom part of the window).
This system eigenmobility is dangerously
close to the effective mobility of the
acetate zone (which is =39.054 x 10-9
m2V-1s-1) so it will cause the resonance
phenomenon. This effect is further
indicated by the magnitudes of Sy and by

Figure 3: Simulation of separation of bromide, chloride and acetate in BGE composed
of 5 mM phosphoric acid and 7.2 mM sodium hydroxide. Calculated pH = 6.979.
Conductivity detection. The meaning of all quantities is the same as in Figure. 1. The

two little peaks in conductivity signal in the electropherogram subwindow are bromide
and chloride, the large negative peak is acetate and the position of the system
eigenpeak arising because of the 2nd system eigenmobility is denoted by a vertical line.
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quantities (EMD and conductivity signal in
the middle subwindow). Both quantities
are over 100 X 103 S m2 mol-1in
absolute values for acetate, which is much
higher than that for bromide and chloride,
which are around 4 X 10-3 S m2 mol-1.
This means that the dispersion of the
acetate zone and its conductivity signal
should be anomalously high. The simulated
conductivity record on the electropherogram
confirms these numerical results: there are
two little peaks of bromide and chloride
(migration time about 2.3 min) but an
anomalously huge negative peak of
acetate. The experimentally obtained
conductivity record of the separation of
bromide, chloride and acetate, in the
neutral phosphate buffer, also proves the
resonance (see Figure 4). The two little
peaks with migration times around 2.3 min
are bromide and chloride, respectively,
while the huge zigzag shaped peak with
migration time around 3.75 min is the
acetate migrating together with the system
zone. The quantitative determination of
the amount of the analyte being in
resonance with the system zone is
impossible. If, hypothetically, acetate could
be seen by a direct detection, instead of
the large zigzag shape we would see a very
flat and dispersed acetate peak, much
broader than the bromide and chloride

Figure 4: Conductivity record of
separation of bromide, chloride and
acetate in neutral phosphoric buffer —
resonance of acetate. CZE equipment:
Agilent 3bCE, (Waldbronn, Germany).
Conductivity detector: according to
reference 15. BGE: 5 mM phosphoric
acid, 7.2 mM sodium hydroxide. pH

measured 7.0. Sample: 5 mM phosphoric
acid, 7.2 mM sodium, 0.5 mM acetic
acid, 0.1 mM bromide, 0.1 mM chloride.
Sample injection: 50 mbar s. Capillary
75 pym i.d., 360 pm O.D. Total capillary

length 68.8 cm., length to CCD detector
53.5 cm. Driving voltage: —25 kV. Time
of EOF marker: 9.47 min.
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peaks. One aspect should be noted here
though. While the real signal of the acetate
has the zigzag shape (Figure 4), the
simulated shape (Figure 3) is just one half
of it — the negative one. This is a
limitation of the PeakMaster software — in
the present version it can depict only one
half of the peak in the resonance, either
the positive or the negative part.

Conclusion

Finding a good separation system for a
particular separation experimentally is time
consuming. The resolutions and detection
sensitivities obtained are sometimes far
from the optimum. Computer simulation
of capillary zone electrophoresis
separations by PeakMaster enables users to
find a suitable background electrolyte. The
usual trial-and-error experimental approach
can, therefore, be replaced by faster and
more effective computer simulation. After
finding suitable “computer designed”
background electrolytes, the real behaviour
of the systems can be verified in practice. It
can, therefore, allow a considerable
amount of chemicals and experimental
time to be saved. The software also allows
users to gain an insight into separation
behaviours in CZE by using the software
for self-training and education.
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