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Abstract

The trial of capillary electrophoresis (CE) instruments from 1993 has been updated. The test procedure which was used
there could be applied with few modifications. The data of 10 instruments are presented in a detailed table. Additional
instruments are included this time. Aspects of method and instrument validation and robustness are discussed and listed in
tables. Relevant instrumental features are deduced. Two-dimensional detection and a protocol of the current are very helpful
for method development and validation. Some very useful methods that improve the limit of detection or resolution require
pressure-driven counter-current and the possibility to control polarity and voltage during runs. Intermediate precisions
corresponding to R.S.D. values of below 1% have become state of the art during the last few years. An overall day-to-day
precision of 0.1% R.S.D. seems already possible if the multiple injection mode can be used. The detector technology has
been improved, therefore injection became the main error source. This error source can be decreased by using internal
standards or relative peak areas. In the future CE will be superior to other separation techniques not only in terms of

performance, but also in terms of precision.

Keywords: Capillary electrophoresis: test of instruments; Instrumentation

1. Introduction

Commercial instruments for CE have been avail-
able since 1988. In the beginning precision was
reported corresponding to about 5% R.S.D. for peak
areas and heights — too poor for quantitations.
However, in 1993 it was shown that R.S.D. values of
1-2% are possible with most instruments [1,2]. In
the following years the interest in quantitative CE
increased because of its advantages compared to LC:
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higher separation efficiency, different selectivity and
short analysis times. The growing experience with
CE, especially with aspects of validation, has been
causing a flourishing use of this technique. As a
positive feed-back this will lead to a further increase
of the CE community.

Meanwhile new aspects of quantitation and valida-
tion came into the foreground. When the attainable
precision in CE is discussed, not only the instrumen-
tal progress should be considered, but also methodo-
logical improvements, new methods of CE applica-
tion and aspects of validation. In the last years more
instruments were made available. Today about 20
companies are offering CE equipment (compare: Ref.
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[3]). Therefore an update of the former work became
necessary. To our knowledge we include in this
study all complete CE systems that are commercially
available.

Our concept to compare the performance of
instruments was broadly accepted, so the former test
procedure could be used with few modifications. In
order to understand which additional instrumental
aspects have become relevant during the last years,
some recent developments in CE will be summarised
and discussed here. A number of aspects such as
temperature control, power supply and control, capil-
lary length, and autosampler features are still im-
portant. These were already comprehensively dis-
cussed in previous articles, together with the back-
grounds leading to the test procedure [1,2].

2. Experimental

2.1. Instrumentation: test design

A questionnaire (very similar to the one used in
the earlier study [1]) was sent to German representa-
tives and international head offices of all companies
producing CE instrumentation. Data concerning re-
producibility and the limit of detection were pro-
vided by the companies and verified in our labora-
tory. Information about the Hewlett-Packard and the
Prince/Unicam instruments has been included for the
first time, Perkin-Elmer and Beckman have been
presenting new instruments, the data of BioRad,
Dionex, Grom, Thermo Separations and Waters have
been re-evaluated but remained essentially the same
compared to the preceding study. The data obtained
are shown in Table 1.

2.2. Test procedure

2.2.1. Borate buffer 100 mmolll (pH 8.5)

6.183 g of boric acid were dissolved in 100 ml of
HPLC-grade water. The pH of this solution was
adjusted to 8.50 by a freshly prepared 1 M sodium
hydroxide solution. This solution was taken into a 1-1
measuring flask and filled up.

2.2.2. Sample solution

Approximately (*2 mg) 90 mg acetaminophen,
150 mg acetylsalicylic acid, 60 mg 3,5-dihydroxy-
benzoic acid and 120 mg nicotinic acid were
weighed and filled up in a 100-ml measuring flask
with the borate buffer described above.

2.2.3. Capillary electrophoresis

The experiment is carried out with a 50 cm
(capillary inlet to detection window) fused-silica
capillary, SO0 pwm LD. It is conditioned by rinsing
with 0.1 M sodium hydroxide for 30 min. Then it is
filled with the buffer and equilibrated for at least 2 h.
During this time a voltage of 25 kV is applied.

The sample is injected by pressure or vacuum. The
product of pressure or vacuum and time shall be
about 2.5 p.s.i. s. If the injection is hydrodynamic the
product of height difference and time shall be about
172.5 cm s (1 p.s.i.=6.894.76 Pa=69 cm Ah). The
same amount will then be injected with all instru-
ments. The detection wavelength is set to 254 nm,
rise time is 1 s. If the instrument provided a
thermostating system, this was set to 25°C. When a
stable separation is obtained (migration times of 5
subsequent runs do not differ more than 1%), the
repeatability test described below can be performed.

2.2.4. Repeatability

When a stable separation is obtained (compare
above) the sample solution is measured 10 times. If
the instrument provides an autosampler, separate
vials must be used for each injection. Before each
run the capillary is rinsed with running buffer until
the capillary content is exchanged twice. The re-
peatability is reported as R.S.D. for peak height, area
and relative peak area respectively. Instead of area
the corrected area (area/migration time) may be
used.

2.2.5. Day-to-day precision

During 48 h at least 60 samples are injected out of
at least 10 different sample vials. The obtained
R.S.D. values correspond to the day-to-day precision.

2.2.6. Concentration corresponding to the smallest
detectable signal (limit of detection)

Varying from the conditions given above the
wavelength is 200 nm in the following experiment.
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The sample solution described above is diluted
several times. The dilutions are injected. The con-
centration corresponding to the smallest detectable
signal is calculated from the lowest concentrated
dilution, that stiil shows all 4 main peaks distinguish-
able from the baseline noise in 5 subsequent runs.
The limit of detection (LOD) is given as concen-
tration of 3,5-dihydroxybenzoic acid (=30 100 1/
mol cm at 200 nm, determined in the CE buffer, pH
8.5) in mgl "

3. Results and discussion
3.1. Methodological aspects

3.1.1. The use of internal standards

Generally there are three major instrumental error
sources in CE: detection, integration and injection.
New developments in detection techniques have
improved the overall precision. If a good detector is
used and the concentrations can be chosen freely, i.e.
high enough, the injection error becomes dominant.
In this case the use of internal standards is beneficial,
because it is able to compensate for injection errors
[4-12].

However, in some cases no improvement but even
a change for the worse has been reported, when
internal standards were used [8,13,14]. Probably the
detector noise and the integration error were the
main error sources in these cases. Thus the integra-
tion error of the internal standard significantly in-
creased the overall error according to the law of error
propagation.

Suitable internal standards should have a similar
mobility as the analytes to avoid effects of EOF
changes during the run. Internal standards should be
used in high concentrations in order to maximize the
signal-to-noise ratio and to minimize integration
errors.

Using pressure-driven injection systems, internal
standards or relative peak areas lead to a repeatabili-
ty corresponding to about 0.5% R.S.D. and to a
day-to-day precision corresponding to 1% R.S.D. or
less. This value can be obtained with a number of
commercially available instruments. Internal stan-
dards also improve the precision of electrokinetic
injection [down to 1-2% (repeatability)] [15].

These R.S.D. values also characterise the quality
of CE methods. The value of 0.5% for R.S.D. is not
too far away from the theoretical limit of about
0.2%. This number corresponds to the mere integra-
tion error [6] (here [16] cited). One can remain under
this threshold, if a multiple injection mode is used.

If the precision of a CE method is corresponding
to an R.S.D. value of above 1%, there are still some
aspects to optimize. For instance, if there is a trend
in both peak areas and migration times, the stability
of the EOF should be controlled. Rinsing procedures
should be considered in order to control and mini-
mize matrix effects.

3.1.2. Sample concentration

Meanwhile the dependence of S.D. and sample
concentration has been established as a fundamental
law for quantitative CE [8,13,17]). High sample
concentrations are favourable; often they can easily
be obtained. If the sample concentration is low,
precision can be improved by back-pressure assisted
stacking [18]. By this method a highly concentrated
sample zone is obtained by a focusing step.

For the same reason the quantitation of side
compounds often becomes more precise, if the
column is overloaded with the main compound. If
the main peak becomes off-scale, it is possible to
compare the area of minor peaks in this elec-
tropherogram directly to the area of the main peak
from another electropherogram where a smaller
known amount was injected, because the UV de-
tection is linear over a wide range [19,20].

3.1.3. Appropriate calibration functions

Calibration curves are linear over a wide range, if
peak areas are used. CE peak heights usually lead to
non-linear calibration functions and low sensitivity
for higher concentrations and thus, errors of the
analytical result [21]. Even though peak heights are
sometimes reported to be more reproducible [10],
their use can only be advantageous close to the LOD.
Quantitative assays are always performed far above
the LOD; thus heights are rarely suitable for reliable
quantitations, whereas peak areas are much more
relevant when instrument performances are com-
pared.

It has been shown that heteroscedasticity can be a
relevant source of error in CE, if the concentration
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range exceeds one order of magnitude and ordinary
least squares regression methods are used. This error
can be completely avoided using weighted least
squares [22]. Heteroscedasticity is mainly caused by
the injection error; therefore internal standards can
partly compensate for it.

3.1.4. Miscellaneous important aspects

Thermally induced fluctuations of the baseline are
stronger at low wavelengths, because here the refrac-
tion index is higher [23]. Therefore the use of a
higher wavelength is often favourable.

A drift in migration times causes the reproducibil-
ity of peak areas to deteriorate. Often corrected areas
are not helpful, because of the dynamic changes of
surface equilibria [24]. The stability of the electro-
osmotic flow (EOF) is an important criterion for CE
validation. The EOF can be influenced by small
amounts of impurities. Thus the purity of the re-
agents and the cleaning of the glassware used for
sample pretreatment can become very important for
reproducibility.

More pitfalls are summarized that should be
avoided to spoil the obtainable repeatability of about
1% R.S.D. with most commercial instruments. Not
only preconditioning should be carefully described
[8,25], but also two runs should be done with buffer
injections only before a sample series is analysed in
order to let the system stabilise. This helps to
equilibrate the capillary surface and allows the
solutions in the autosampler to reach a constant
temperature. It is important to check that the filling
height of all vials is approximately the same; other-
wise siphoning effects are observed. It was also
observed that the distance of sample and buffer vials
should be small. Special attention should be paid to
the vial caps: wrong positioning can lead to evapora-
tion, but also to pressure differences from injection
to injection [8].

3.2. Validation

Validation is substantial for the quality of ana-
lytical results, thus it is a main issue for CE as well.
General guidelines to validate CE methods were
already proposed [26,27]. Method and instrument
validation will be separately discussed in the follow-
ing paragraphs.

Method validation does not mean method develop-
ment but is defined as a systematic inspection of
relevant aspects. A validated instrument is required
for method validation. Aspects of importance are
listed in Table 2: peak homogeneities should be
checked for all relevant peak groups. The sensitivity
(slope of calibration function, response factor) is a
good indicator to assure wavelength accuracy and
reproducibility. Linearity can be checked in CE as
well, although there are almost no non-linear curves
reported, when peak areas are used for calibrations.
Heteroscedasticity is relevant if the working range
exceeds one order of magnitude (compare above).
The test of the EOF reproducibility is a CE-specific
aspect. The EOF depends on the inner surface
structure of the fused-silica capillaries; thus the EOF
varies from capillary batch to batch, but also from
different pieces from a capillary spool [28]. Even
more important, the EOF can be strongly influenced
by adsorbed analytes or matrix constituents [28].
Rinsing procedures and their effectiveness are there-
fore another important aspect of validation.

As outlined above, impure reagents and glassware
for sample pretreatment can strongly influence the
EOF (compare [29]). Thus the suitability of different

Table 2
Important aspects of method validation (compare [26,27])

Aspects that are generally relevant to validate analytical methods

Peak homogeneities of all relevant peaks, freedom from matrix
interferences

Wavelength accuracy and reproducibility; reproducibility of sen-
sitivity /response factors

Linearity, rectilinearity

Heteroscedasticity

Peak shapes and efficiencies

Short and long term precision of migration time and peak area
(=repeatability, intermediate/day-to-day precision...)

Limit of detection (LOD), limit of guantitation (LOQ)

Rules to exclude outliers

Reproducibility between analysts and instruments

Robustness

Accuracy

Crossvalidation

Recovery

Additional aspects that are relevant to validate CE methods
EOF stability

Rinsing procedures

Buffer stability and shelf-life

Reproducibility between capillaries
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reagent batches should be tested. The shelf-life of the
buffers can differ over a wide range and should be
validated as well. For instance, citrate buffers are
nutritious for many microorganisms, thus these buf-
fers have a short shelf-lifetime. A shelf-life of three
months was reported for a borate—phosphate buffer
(30]

Method robustness is an important aspect of
validation. In order to test robustness, parameters
that can influence the analytical result in CE, must be
identified (Table 3). These parameters can sub-
sequently be varied and, depending on the analytical
problem, their influence on parameters such as peak
resolutions, efficiencies and reproducibility of migra-
tion times and peak areas is noted. Here a fractional
factorial design is helpful to reduce the number of
experiments [31,32].

Similar to method validation, instrument valida-
tion means the systematic inspection of all relevant
instrumental parameters. Most parameters can only
be tested by a reference method. This method must
be validated, and parameters obtained with a val-
idated instrument using this method must be known.
When this reference method is used with another
instrument, the obtained parameters can be compared
to the ones obtained with validated instrument.
Aspects of importance are listed in Table 4.

The test method described in Section 2 proved to
be very useful for instrument validation as well.
Typical values for many parameters of CE instru-
ments are already listed in Table 1.

Table 3
Relevant parameters for robustness

Parameters to vary in order to test robustness
Temperature

pH

Ionic strength, buffer concentrations

Rinse times

Additive concentrations

Detector wavelength

Sample loading conditions (z,,;, Ap)
Capillaries

Integration parameters

Parameters to measure in order to test robustness
Resolutions

Efficiencies

Migration times

Peak areas

Table 4
Important aspects of instrument validation and system suitability
(compare [26,27])

Relevant parameters for full instrument validation

Reproducible slope (= sensitivity, response factor); linearity

Efficiencies, peak shapes

Short and long term precision of migration time, peak area...
(=repeatability, intermediate/day-to-day precision...)

Limit of detection (LOD), limit of quantitation (LOQ)

Relevant parameters for system suitability
Repeatability of migration time and peak area
Resolution

Full instrument validation should be repeated from
time to time: at least half a year routinely, even if
routine measurement was successfully performed
every day. Unscheduled validation is recommended,
if valuable samples will be analysed next, if the l]amp
exceeds its specified lifetime, or if unusual per-
formance data are obtained although validated meth-
ods were used.

In addition to that, a quick system suitability
check should be done every day and when a system
is restarted. The system suitability test should restrict
to repeatability of migration time and peak area and
to resolution in order to waste not too much analysis
time.

A validation test certificate, at least according to
the system suitability protocol, should be supplied
when an instrument is sold.

3.3. Instrumental aspects

3.3.1. Test procedure: benefits and limitations

The test procedure given in [1,2] has been widely
accepted. However, some details may be critically
discussed:

In order to have the same amount injected for all
instruments, the sample concentrations and the prod-
uct of pressure difference and injection time is
specified. However, the test procedure must rely on
the nominal value of pressure difference specified by
the companies. If any instrument used a higher
pressure difference than displayed, better values for
the concentration LOD and also for the reproducibil-
ity would be obtained. The improvement of repro-
ducibility with increasing sample concentration is at
least in part due to improvements in the signal-to-
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noise ratio and hence in peak integration: different
loading volumes using the same concentration in-
fluence reproducibility as well.

Perrett and Hows [33] investigated the real in-
jected volume (by microscopy and multiple injec-
tion) and compared this to the nominal one. Devia-
tions of about 100% were indeed found in some
cases. However, this fact does not lead to unfair
results. Nominal and real injected volume was
always matching for instruments with good repro-
ducibility or low LOD.

There is another problem concerning the fairness
of a comparison of instrument reproducibility. Some-
times very significant differences in the performance
on instruments of the same type are noted. Instru-
ments are not identical, and the same instrument can
have a different status of maintenance. The check of
the reproducibility data in Table 1 was usually
performed on one instrument only. Thus every
company participating in this study could maintain
that they obtained better data on other instruments.

Meanwhile it is obvious, that the composition of
the test substances is not optimal. Acetylsalicylic
acid is unstable in the buffer solution, thus a
decrease in peak area is observed in some of the
long-term reproducibility tests. Furthermore the con-
centration of nicotinic acid is rather low causing
relatively high standard deviations; these shortcom-
ings were intentionally accepted when the method
was released for the first time.

When these problems were reported by the com-
panies, the honesty of the submitted data were
proved. In future it may be sufficient to use acet-
aminophen and 3,5-dihydroxybenzoic acid only; of
course other stable, well detectable, non-toxic and
easily available test compounds are suitable as well.

3.3.2. Relevant parameters for instrument
performance

As outlined above, the three major error sources in
CE are injection, detection and integration. Improve-
ments in detection techniques have made the in-
jection error dominant for most instruments. This is
indirectly demonstrated: otherwise internal standards
would not be beneficial. Technical efforts have been
made to decrease this injection error, and certainly
further developments can be expected. Day-to-day

precisions of about 0.5% R.S.D. can already be
reported (Table 1).

High voltage, capillary length, temperature control
and autosampler are important instrumental features.
These were comprehensively discussed in previous
articles [1,2]. There have not been much changes in
these aspects. A reproducible temperature at the
moment of injection is essential for reproducible
injection volume; however, differences in injection
volume from run to run can be partly compensated
by using internal standards.

Analysis times of only a few seconds were already
achieved using prototype instruments. The capillary
length was reduced to less than 10 cm [34] and even
to less than 1 cm [35]. This development is very
promising. Short analysis times can be used to
further improve the reproducibility. If the analysis
time was S s, 25 subsequent injections of the same
sample would need only 2 min. This would still be a
very acceptable analysis time. The R.S.D.(x,) of the
single analytical results is reduced by the factor of 5,
when 25 values are averaged and R.S.D.(X) is
calculated (Eq. (1) [36]). Here n, is the number of
repeated measurements.

An overall day-to-day precision of 0.1% R.S.D. is
already in sight, if a multiple injection mode is used.
In CE it is mostly possible to use multiple injections
from the same sample, because the injected amount
is only a few nanoliters. Hopefully these possibilities
will be soon provided for commercial instruments as
well.

R.S.D.(x,) |
v, 0

This possibility to reduce data scattering by multiple
injection does not exist in LC. Here many attempts
to reduce analysis time were made, but still it
remains in the minute range. Thus the reduction of
analysis time will decide the competition between
CE and LC. Micellar electrokinetic chromatography
methods may substitute LC methods one by one.

R.S.D.(x,) =

3.3.3. Additional instrumental options

Although the UV detector is still standard in CE,
there are several sensible options for other detectors,
which are applied to improve selectivity or sensitivi-
ty. Two-dimensional detectors make the test of peak
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homogeneity much easier and facilitate method
validation. Here the UV-visible photodiode array
detector is most common; the possibilities of peak
purity testing and of identification via spectra data
bases are very similar to LC [37]. CE-MS coupling
is used more and more [38-43]. It is desirable to
avoid surfactants when MS interfaces are used. Thus
electrochromatography with the option to use CE-
MS is becoming more relevant [44]. Laser-induced
fluorescence detectors can enormously enhance sen-
sitivity (e.g. [45,46]). Moreover conductivity detec-
tors [47], flame photometric detectors [48] and
thermooptical absorption detectors [49] can be cou-
pled with commercial instruments.

The possibility to report the current during sample
tables is extremely useful, especially when working
with complex matrices. It helps to sort out failed
runs, which are characterised by current irregularities
or breakdowns.

The LOD in CE was significantly improved by
various sample zone focusing procedures. [18,50].
The resolution can be improved almost to infinity, if
the mobility is balanced by a hydrodynamic back-
pressure flow (e.g. [51]). The use of these techniques
imply the possibility to control polarity and voltage
during runs or during a sample table, as well as the
possibility to use a back-pressure counter current.

A possibility to improve sensitivity in capillary
electrophoresis is due to Lambert—-Beer’s law. A
higher absorption can be obtained by increasing the
pathlength. This can be done by enlarging the inner
diameter of a limited region (‘bubble cell’) of the
capillary three to five times compared to a standard
capillary. These capillaries are made commercially
available by Hewlett-Packard, but can also be used
with some other instruments. The theoretical increase
in sensitivity of the factor three to five is difficult to
obtain [37,52]. The limiting factors are slit dimen-
sion and positioning as well as reproducibility of the
bubble cell capillary production. However, an in-
crease of about the factor 2 is often reported.

4. Conclusions and outlook
Precision in CE has been improved a lot during

the last 5 years. The use of high sample concen-
trations and of internal standards or relative peak

areas makes a R.S.D. of about 0.5% state of the art.
Meanwhile the precision of quantitative results is
superior to most analytical techniques. However, the
limit of detection has to be further improved.

In addition to that, instruments have been im-
proved as well. They are all very well suited for a
wide range of applications.

For a long time it seemed, that LC would still win
against CE, and CE would only be used for special
problems, when LC failed. However, in future CE
will be superior not only in terms of separation
performance, but also in precision, because CE
analysis can be performed extremely fast. Further-
more know-how for CE validation is readily avail-
able. CE methods may substitute LC applications
one by one during the next years.

5. Closing remarks

We are hoping very much that we did not forget
any instrument manufacturer. If this should have
happened, be sure that we feel very sorry! Please do
not hesitate to get in touch with us: we promise to
include your instrument(s) in the next update!

We would also like to encourage manufactures to
keep us regularly up-to-date with instrumental im-
provements in future.
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