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Abstract

In order to separate a polar amine pharmaceutical and its potential impurities, a micellar electrokinetic chromatography
method was developed. The main compound and 11 other substances were completely separated using a 20 mM Tris buffer,
pH 8.0, containing 50 mM sodium dodecylsulfate (SDS) and 24% (v/v) acetonitrile. However, a strong, continuous
reduction in the EOF occurred and quantification was not possible. The EOF reproducibility could not be improved by
suitable rinsing procedures. Surface effects or interactions did not cause the EOF changes, but the evaporation of acetonitrile
was identified as the major source for EOF instability. However, a high concentration of acetonitrile was decisive for
selectivity. Thus a reliable protection against the evaporation of this buffer constituent had to be found. Paraffin and various
silicon oils were tested as covering film. In order to quickly test buffer systems if the evaporation of electrophoresis solutions
is acceptable, an alternative experimental design without doing CE experiments had to be found. Electrical conductivity was
chosen as parameter, because it can be determined simply and fast. The buffers under investigation were placed in a 50-ml
beaker with a magnetic stirring rod, placed on a magnetic stirrer. The buffer solution was kept in motion at 120 rev. /min.
The beaker was covered around the measuring head with laboratory film and in addition to this with paraffin or silicon oil.
An acetonitrile content up to 10% (v/v) was acceptable if a coverage was used. The various cover liquids had a similar
effect. A content of 15% (v/v) already increased the evaporation effect significantly. Higher acetonitrile contents are not
acceptable. A buffer similar to the originally transferred method, 20 mM Tris (pH 8.0), 50 mM SDS containing 10% (v/v)
acetonitrile as well as 10% (v/v) isopropanol showed an acceptably low evaporation in the conductivity experiments. With
this buffer, a stable EOF was also obtained. Conductivity measurements are generally applicable to quickly test buffers that
contain organic solvents.
   2002 Elsevier Science B.V. All rights reserved.

Keywords: Electroosmotic flow; Buffer composition

1 . Introduction (MEKC) method was developed in order to separate
a polar amine pharmaceutical and its potential im-

A micellar electrokinetic chromatography purities. The main compound and 11 other sub-
stances were completely separated using a 20 mM
Tris buffer, pH 8.0, containing 50 mM sodium
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than 1 h during nine subsequent runs. Quantification change during a separation by adsorption and surface
was not possible under these circumstances. The changes of the capillary [4,5]. Therefore, sometimes
changes in the migration times were due to a it will not be sufficient to use corrected areas,
continuous decrease of the electroosmotic flow especially if strong changes int occur. Thus it isM

(EOF). necessary to reduce migration time variations as
A reproducible EOF is always required to obtain much as possible [6]. A stable EOF is also necessary

reproducible migration times and peak areas in CE to estimate correctly sample mobility and sample
[1]. However, in practice, changes in EOF are amount. Therefore the electroosmotic flow is a
frequently observed. For example, using an MEKC crucial factor to be controlled for validated CE
method (20 mM Tris buffer, pH 8.0, containing 50 methods.
mM SDS and 24% (v/v) acetonitrile; Section 2.1) to
separate a polar amine pharmaceutical and its po-
tential impurities, the migration time of the EOF 2 . Experimental
peak increased from 4.93 to 5.06 and to 5.23 min in
the 2nd, 4th and 6th run of one series. At the same 2 .1. Capillary electrophoresis
time the migration times of all analytes increased,
e.g. from 28.9 to 33.5 and to 36.7 min for the main The CE experiments were carried out with a
compound (2nd, 4th and 6th run, respectively). The 40 cm (capillary inlet to detection window, 48.5 cm
higher the migration time of an analyte peak, the total length) fused-silica capillary, 50mm I.D. using
stronger its migration times were affected. During a Tris buffer 20 mM, pH 8.0, containing 50 mM SDS
the measurement series,t later increased to more and 24% (v/v) acetonitrile. This buffer is preparedEOF

than 6 min, thus the migration time for the main by dissolving 2.4228 g of Tris in|650 ml water
peak even exceeded 1 h. (HPLC quality). The pH of this solution is adjusted

Even minor changes in EOF can have enormous, to 8.00 using 0.1M HCl. Then 14.419 g of sodium
cantilever-like, effects on the migration time. Espe- dodecylsulfate are added and dissolved; 240.0 ml of
cially later eluting peaks are often strongly affected. acetonitrile (HPLC quality) are added. Finally this
Their gross mobilitym is already small and if it solution is made up to 1000.0 ml with water. Allgross

comes close to zero, the migration timet goes buffer constituents were from Fluka (Germany).M

towards infinity. In MEKC, the EOF influences both Prior to each run, the capillary was rinsed for
the analysis time and the elution window. 3 min with HPCE-grade water and 3 min with

In contrast to chromatography, in CE molecules buffer. A voltage of 20 kV was applied, resulting in a
do not pass the detector cell with a constant velocity. current of|33 mA. The sample is injected by
As molecules migrate slower, they will stay longer in applying a pressure difference of 50 mbar for 3 s.
the detection cell and will give a detector response The detection wavelength was set to 200 nm. The
for a longer time. Bigger peak areas result. This temperature was set to 308C. Prior to first use, the
effect must not be neglected. If, for example, capillaries were conditioned by rinsing with 0.1M
racemic mixtures of enantiomers are analyzed, the sodium hydroxide for 30 min. Then it is filled with
peak areas are not equal but the later eluting peak is the buffer and equilibrated for at least 2 h.
slightly larger [2,3]. The effect of changing analyte
mobility can partly be compensated by the use of 2 .2. Conductivity measurements
corrected peak areas (peak area/migration time).
These should be proportional to the sample con- The respective buffers were placed in a 50 ml
centration even if the mobility of an analyte changes beaker with a magnetic stirring rod, placed on a
from run to run (Ref. [1] and references cited magnetic stirrer which was covered by an|2 cm
therein). thick styrofoam plate (Fig. 2). The buffer solution

Using corrected peak areas, it is assumed that the was kept in motion at 120 rev. /min. The beaker was
mobility remains constant at least during one run. covered with laboratory film around the measuring
However, the EOF and thus the mobility can already head and in addition to this with paraffin or silicon
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oil in some experiments, in order to minimise cathode taking along the buffer solution by frictional
evaporation. The conductivity was measured at forces [9,10].
15 min using a KLE 315 instrument (WTW, Wis- The EOF mobilitym can be estimated usingEOF

senschaftliche Technische Werke, Weilheim, Ger- Eq. (1) [11]:
many). The temperature in the buffer was kept

z´constant at 2060.28C.
]]m 5 (1)EOF 4ph

2 .3. Liquid coverages
h is the viscosity of the electrophoresis solution and
´ its dielectric constant. When working with lowerSeveral experiments were performed using a liquid
concentrations of organic solvents, changes in thefilm of |3 mm thickness. As cover liquids, paraf-
dielectric constant are minor. Hence the two majorfinum subliquidum (pharmacopoeia quality, Caelo,
parameters that influence the EOF are thez potentialHilden, Germany) and several silicon oils (DC200
and the viscosityh (Fig. 1). The z potential is0.937, As 4 0.962 and DC200 0.963 from Fluka,
influenced by the buffer concentration and the sur-Taufkirchen, Germany) were used.
face charge. However, the buffer concentration can
easily be kept constant and is no reason for EOF
instability. There are several reasons for changes in

3 . Results and discussion surface charge which subsequently influence the
EOF, but most of them can be easily controlled as

3 .1. Parameters that influence the EOF well, such as buffer pH and external radial fields.
The hydrolysis of capillary coatings is frequently

The walls of untreated fused-silica capillaries are reported to increase the EOF, but no coated capil-
negatively charged, because the silanol groups are laries were used here. The EOF is usually well
partly deprotonated [7,8]. The EOF arises from reproducible for a pH,2.5 and in the pH range
cations, which are attracted by the capillary wall. A between 8 and 10 [1], thus the buffer pH of the
concentration gradient of positive charge close to the system under investigation was unlikely to be criti-
capillary walls results from the competition of cal. If pH-related difficulties are found, longer
electrostatic attraction and diffusion, known asz preconditioning times (e.g. 2–10 h) with higher
potential. The solvatized cations migrate towards the NaOH concentrations (e.g. 1M) are recommended

Fig. 1. Possible reasons for EOF instability.
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[12,13]. These longer preconditioning times did not longer chain length also show different dipole–di-
influence the EOF in this case, though. pole interactions.

The EOF is often strongly influenced by the The use of various vial caps could not prevent
adsorption of sample molecules at the capillary walls evaporation, because the caps leaked through slits or
(e.g. Refs. [1,14–17]). However, in the case under holes that were necessary to provide the contact of
consideration, the analytes were small molecules the capillary and the electrode to the buffer. Buffer
with few binding sites; permanent adsorption of cooling in the sample tray was also discussed to
these was very unlikely. If adsorptions were the reduce evaporation. However, sufficient cooling
reason for the EOF decrease, these could be removed capacity must be provided.
by suitable rinsing protocols. Rinsing regimens are Instead of using vial caps, evaporation can better
also useful in other cases, when changes to slower be avoided by finding liquids which are lighter than
EOF velocities are found. Hypotheses about this the buffer and do not solve any of the buffer
effect consider gel formation, weathering, aging, or constituents (like that demonstrated in Ref. [27]).
trace constituents in the buffer as possible reasons Mineral oil (paraffin) proved to be a very useful
[1]. When the capillary is rinsed with sodium hy- substance for covering the buffer vials in order to
droxide followed by water and then fresh buffer, e.g. prevent both oxidation and evaporation [24,25,27].
once a day, the reproducibility of migration times The cover liquid is reliably excluded from the
has been significantly improved [18–22]. However, capillary by surface tension effects, current break-
numerous rinsing protocols, including the use of downs or signals from mineral oil drops were never
sodium hydroxide and running buffer with SDS and observed. Using this cover, evaporation was no
various organic solvents had no positive effect in this longer observed, and reproducibility of 0.53% RSD
case. for relative peak areas (n560) was obtained [24]. In

The viscosity depends on the temperature and on the works mentioned, no influence of the cover
the content of polymers or organic solvents, which liquid on selectivity was observed.
are frequently used as additives in CE. The EOF is In order to transfer this concept, a mineral oil
inversely proportional to viscosity [23]. Thermal coverage was tried here as well. Some improvements
effects may be observed using high electrical power. could be noted for migration time reproducibility.
As a rule of thumb, Joule heating is uncritical using Like in earlier works, no influence of the coverage
a power below 2.5 W/m for 25mm capillaries and on the selectivity was observed.
below 5 W/m for a 50mm capillary provided that However, the EOF migration times still increased
the instrument is properly thermostated [1]. In the far too strongly. Due to the high content of organic
discussed example however the power was well modifier, the coverage was not efficient enough. The
below 1.5 W/m. role of SDS micelles as potential transporters

through the coverage was considered, but buffers
3 .2. The evaporation of acetonitrile: the major without SDS containing 24% v/v acetonitrile
source for EOF instability showed the same increase in EOF times despite the

paraffin coverage.
In the case under investigation, the evaporation of

the organic modifier acetonitrile was identified as the 3 .3. A method to quickly evaluate solvent
main reason for the EOF decrease. EOF changesevaporation
through solvent evaporation have not been reported
before despite the frequent use of solvents in buffers From these findings it was concluded that only a
for CE. However, in another study the evaporation of certain amount of organic modifier is acceptable.
acetonitrile perceptibly influenced the injection vol- However, it would be very time-consuming to de-
ume [24,25]. termine this limit by CE measurement series, consi-

It was not possible to substitute acetonitrile for dering that the limit should be dependent on the used
another solvent because of its unique position in solvent and possibly on other buffer constituents.
Snyder’s selectivity triangle [26]. Alkyl nitriles with Moreover, it is interesting to study various cover
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liquids. Thus a fast alternative to evaluate solvent The conductivity measurements were completely
evaporation was needed. consistent with the CE results but showed a much

A slightly increasing current was observed during better time resolution (Fig. 3A–C). Thus they are
a series of runs for a method to measure insulin very well suitable to characterize evaporation prop-
concentrations [24,25]. Apparently the evaporation erties.
of organic solvents measurably changes the electrical
conductivity. This test parameter can be determined
simply and fast. Moreover, a straightforward ex- 3 .4. Results from conductivity measurements
perimental set-up can be used (see Section 2).

In preliminary experiments, strong changes in The paraffin was saturated with buffer components
conductivity after a few minutes were found, which before use, because it was shown that the repro-
could be explained by a slight temperature increase ducibility of a measuring series improved a lot when
due to the warming of the plate of the magnetic the buffer solution was covered with a saturated
stirrer. Therefore, all conductivity data reported here paraffin solution [28]. This improvement was also
were measured insulating the plate of the magnetic found here, but a distinct increase in conductivity
stirrer by an|2 cm thick styrofoam plate (Fig. 2). still remained.
After this insulation, the measured temperature was A buffer of 20 mM Tris (pH 8.0) without SDS,
constant at 2060.28C in the following experiments. but with the same concentration of acetonitrile (24%,

The conductivity massively rose within the first v /v) was tested, obtaining the same strong increase
4 h for the buffer used for the CE experiments in conductivity. Thus it was shown that the forma-
described above (see Section 1). When the buffer tion of micelles does not have any effect on the
was covered by a paraffin layer, the increase in transport of acetonitrile through the paraffin layer
conductivity was slower, but still strong. When a (Fig. 4).
buffer system with 10% methanol was investigated, Next it was tried if other liquids were more
which was known to give a stable EOF, no signifi- efficient than paraffin to avoid evaporation. Five ml
cant increase in conductivity was found. of paraffin or silicon oil were used, corresponding to

liquid film thickness of|3 mm. Liquids that do not
mix with water had to be used. Moreover, their
densities had to be significantly lower than that of
water to avoid the formation of emulsions. Experi-
ments were performed with silicon oil As 4 (d5

230.962 g cm ) and two silicon oil DC200 species
23with different densities (d50.937 and 0.963 g cm ,

respectively). The cover liquids were buffer-satu-
rated before the measurements. All gave essentially
the same results like paraffin: significant but in-
sufficient protection.

The described test system allowed for the quick
check of numerous buffer compositions. The step-
wise reduction of the acetonitrile content showed that
there is a threshold from which evaporation effects
become critical. An acetonitrile content up to 10%
(v/v) was acceptable, if the vials were properly
covered. A content of 15% (v/v) already increased
the evaporation effect significantly. The evaporation
cannot be effectively controlled up to now, whenFig. 2. Set-up for conductivity measurements (Section 2.2). (a)
higher acetonitrile contents are used. If 15% (v/v)Measuring head, (b) position of the covering liquids, (c) buffer

solution, (d) styrofoam plate, (e) magnetic stirrer. acetonitrile is already critical, non-aqueous CE meth-
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Fig. 4. Tris buffer 20 mM, pH 8.0, containing 24% (v/v)
acetonitrile (but no SDS), covered with buffer-saturated paraffin.
Significant reduction in acetonitrile evaporation (compare Fig.
3A), but still no stable conductivity over several hours.

ods must be considered quite problematic in terms of
EOF reproducibility.

Interestingly, these acetonitrile concentrations can
be used when another solvent is added. When 10%
methanol and 10% acetonitrile were used, the con-
ductivity remained stable; using 10% methanol and
15% acetonitrile, the conductivity increase is the
same as for only 15% acetonitrile (Fig. 5, Table 1).

Fig. 3. Changes in conductivity with time demonstrating consis-
tency of results from CE and conductivity measurements. (A) Tris
buffer 20 mM, pH 8.0, containing 50 mM SDS and 24% (v/v)
acetonitrile (see Section 2). Fast increase in conductivity from Fig. 5. Critical threshold for the acetonitrile concentration. Tris
evaporation of acetonitrile, confirming this is the reason for the buffers 20 mM, pH 8.0, containing 10% (v/v) methanol and
increase in EOF. (B) Like (A), but using an additional silicon oil acetonitrile, 10% (open rhombi) or 15% (v/v) (filled squares),
D 200 (0.937 g/ml) coverage of 3 mm thickness. Increase in respectively, using an additional silicon oil D 200 (0.937 g/ml)
conductivity only slightly reduced, confirming that this coverage coverage of 3 mm thickness. Note that the absolute conductivity
is insufficient. (C) Acetate buffer containing 10% (v/v) methanol, depends on the precise position of the measuring head, which was
used for Flubilar analysis [12]. Here no significant change in slightly different in both series. However, the relative change can
conductivity was noted, corresponding to insignificant solvent be well compared. An acetonitrile content up to 10% (v/v) was
evaporation and a very stable EOF over time using this buffer acceptable, if the vials were properly covered. A content of 15%
system. (v /v) already increased the evaporation effect significantly.
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Table 1 R eferences
Limit for acceptable acetonitrile concentrations in CE buffers

Acetonitrile (%, v/v) Comment Ref. ¨[1] H. Watzig, M. Degenhardt, A. Kunkel, Electrophoresis 19
(1998) 2695.10 Suitable Fig. 5

[2] M.W.F. Nielen, Anal. Chem. 65 (1993) 885.12.8 Suitable [1,28]
[3] E.V. Koh, M.G. Bissell, R.K. Ito, J. Chromatogr. 633 (1993)15 Borderline Fig. 5

245.24 Not acceptable Buffer from Section 2.1
[4] T.T. Lee, R. Dadoo, R.N. Zare, Anal. Chem. 66 (1994)

2694.
[5] J.K. Towns, F.E. Regnier, Anal. Chem. 64 (1992) 2473.4 . Conclusions
[6] S.E. Moring, in: P.D. Grossman, J.C. Colburn (Eds.), Capil-

lary Electrophoresis, Academic Press, San Diego, 1992, p.
The evaporation of acetonitrile was identified as 87.

the major source for EOF instability. In order to test [7] D.K. Lloyd, A.M. Cypess, I.W. Wainer, J. Chromatogr. 568
(1991) 117.if a certain content of an organic modifier was

[8] J.R. Mazzeo, I.S. Krull, BioTechniques 10 (1991) 638.acceptable, conductivity measurements have been
[9] M. Smoluchowski, in: L. Graetz (Ed.), Handbuch derestablished. Effective heat insulation was found

¨Elektrizitat und des Magnetismus, Vol. 2, Barth Verlag,
important in order to obtain reproducible results. Leipzig, 1914, p. 366.
This test system is generally applicable to quickly [10] C. Gerthsen, H.O. Kneser, H. Vogel, in: 16th ed, Physik,

Springer Verlag, Berlin, 1989.test buffers that contain organic solvents. Cover
[11] R. Kuhn, S. Hoffstetter-Kuhn, Capillary Electrophoresis:liquids significantly decrease effects from the evapo-

Principles and Practice, Springer, Berlin, 1993.ration of organic solvents. Various cover liquids
¨[12] L. Baur, H. Jehle, H. Watzig, J. Pharm. Biomed. 22 (2000)

showed very similar properties. The saturation of the 433.
cover liquids with buffer significantly improved the ¨[13] S. Kaupp, H. Bubert, L. Baur, G. Nelson, H. Watzig, J.

Chromatogr. A 894 (2000) 73.results.
´[14] S. Hjerten, J. Chromatogr. 347 (1985) 191.An acetonitrile content up to 10% (v/v) was

¨[15] D.K. Lloyd, H. Watzig, J. Chromatogr. A 663 (1995) 400.acceptable using an appropriate cover liquid. A
¨ ¨[16] A. Kunkel, S. Gunter, H. Watzig, J. Chromatogr. A 768

content of 15% (v/v) already increased the evapora- (1997) 125.
tion effect significantly. Higher acetonitrile contents ¨[17] A. Kunkel, H. Watzig, Electrophoresis 20 (1999) 2379.

[18] S. Terabe,V. Ishihama, H. Nishi, T. Fukuyama, K. Otsuka, J.are not acceptable. If 15% (v/v) acetonitrile is
Chromatogr. 545 (1991) 359.already critical, non-aqueous CE methods must be

[19] S. Fujiwara, S. Iwase, S. Honda, J. Chromatogr. 447 (1988)considered quite problematic in terms of EOF repro-
133.

ducibility. A buffer similar to the originally used [20] W. Thormann, A. Minger, S. Molteni, J. Caslavska, P.
method, 20 mM Tris (pH 8.0), 50 mM SDS con- Gebauer, J. Chromatogr. 593 (1992) 275.

[21] T.-L. Huang, Chromatographia 35 (1993) 395.taining 10% (v/v) acetonitrile as well as 10% (v/v)
[22] K.-J. Lee, G.S. Heo, J. Chromatogr. 559 (1991) 31.isopropanol showed an acceptably low evaporation.
[23] A.D. Tran, S. Park, P.J. Lisi, O.T. Huynh, R.R. Ryall, P.A.With this buffer, a stable EOF was also obtained. If

Lane, J. Chromatogr. 542 (1991) 459.
higher contents of organic solvents shall be used, a ¨ ¨[24] A. Kunkel, S. Gunter, C. Dette, H. Watzig, J. Chromatogr. A
more effective prevention of evaporation, e.g. special 781 (1997) 445.

¨ ¨[25] A. Kunkel, S. Gunter, C. Dette, H. Watzig, Am. Lab. 10vials in combination with liquid film coverage, has
(1998) 77C.still to be found.

[26] L.R. Snyder, in: S. Perry, A. Weisberger (Eds.), 2nd ed,
Techniques of Chemistry, Vol. XII, Wiley, New York, 1978,
p. 25, Part 1.
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