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Abstract

An electrodialysis device for on-line coupling to capillary electrophoresis has been developed. The device consists of three
compartments that are separated by two membranes with M, cut-off values of 500 and 30 000, respectively. The selectivity
of the method is based on charge, molecular mass and shape. A concentration factor of 40-50 has been achieved. Sample
clean-up and analyte enrichment take only ca. 5 min. Optimization and characterization of the device have been performed
and electrodialysis has been applied to the analysis of an inositol trisphosphate derivative in a complex matrix. © 1997

Elsevier Science BV.
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1. Introduction

Among the separation techniques, capillary elec-
trophoresis (CE) is well known for its high ef-
ficiency and short analysis times. Furthermore, CE is
selective and simple to use. With respect to en-
vironmental considerations, only very small amounts
of chemicals and sample are needed. Unfortunately,
CE also has certain drawbacks, i.e. the concentration
sensitivity, caused by the limited loadability of the
capillary and, in case of spectrophotometric detec-
tion, the path length of the detection cell. Therefore,
attention has been paid to enhancement of the
loadability by stacking [1] or field amplification [2],
capillary isotachophoresis (cITP) [3-6] and liquid—
liquid electroextraction [7]. Also, preconcentration of
analytes has been achieved by the insertion of a
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small bed of a specific [8,9] or non-specific [10-12]
adsorptive solid phase at the inlet of the CE capillary
[13]. Investigation has also been focused on the
improvement of the detection cell geometry [14] and
the coupling of detection techniques to CE with very
low concentration detection limits, such as laser-
induced fluorescence [15].

In general, if CE analysis is performed in a
complex matrix, sample pretreatment is required in
order to remove compounds that interfere with the
characteristics of the analytes or that block the fused-
silica capillary. Several sample pretreatment tech-
niques have been combined with CE, either in the
off-line or on-line mode, such as (ultra)filtration,
centrifugation [16], (micro)dialysis [17-20], solid-
phase extraction (SPE) [21,22], liquid-liquid ex-
traction (LLE) [15], supported liquid membranes
(SLM) [23], membrane preconcentration [24], cITP
[25] and (concentrating) electrodialysis [26,27].

0021-9673/97/$17.00 © 1997 Elsevier Science BV. All rights reserved.

PII S0021-9673(97)00707-3



166 B.A.P. Buscher et al. /| J. Chromatogr. A 788 (1997) 165-172

Some of these techniques enable the combination of
both sample clean-up and analyte enrichment, which
is very favourable in the case of trace analysis in
complex matrices.

Inositol phosphates (IPs) play a very important
role in several research areas, among them, biochem-
istry [28]. IPs are multiply negatively charged sugars
with one to six phosphate groups. Even at very low
pH values, they are not uncharged. Therefore, most
sample preparation methods, based on neutralized
analytes, are not suitable. Electrodialysis is a concen-
trating and purifying technique that can handle
charged analytes.

During electrodialysis, analytes migrate from the
donor compartment to the acceptor compartment by
an electric driving force superimposed on a con-
centration gradient. Electrodialysis can be performed
in the static as well as in the dynamic mode [29]. In
the off-line mode, electrodialysis has been used for
the enrichment of ions [30] and for the neutralization
of acidic [31] or alkaline {32,33] solutions. Further-
more, electrodialysis has been coupled on-line to ion
chromatography [34] and to liquid chromatography
(35].

Recently, we combined static (concentrating) elec-
trodialysis with capillary electrophoresis [26,27].
Until now, attention was mainly focused on the
selectivity of the device. This paper describes the
optimization and characterization of the device with

respect to sensitivity. An inositol trisphosphate de-
rivative has been used as a model compound.

2. Experimental
2.1. Chemicals

Ammonium acetate (analytical-reagent grade) was
obtained from Merck (Darmstadt, Germany). Acetic
acid came from J.T. Baker (Deventer, Netherlands).
Hydroxypropylmethylcellulose (HPMC), with a vis-
cosity of 4000 cP for a 2% aqueous HPMC solution
was purchased from Sigma (St. Louis, MO, USA).
Phenylacetate inositol trisphosphate (PIP3) was
kindly provided by Perstorp Pharma (Perstorp,
Sweden). For the preparation of stock solutions of
the analytes and buffer, deionized water was used
(Milli-Q system, Millipore, Bedford, MA, USA).
The buffer solution was filtered through a 0.2-pm
nylon acrodisc syringe (Gelman Sciences, Ann
Arbor, MI, USA). The electrophoresis buffer con-
sisted of 10 mM ammonium acetate, pH 5, and
0.005% HPMC.

2.2, Equipment and procedures

The laboratory-made electrodialysis device (Fig.
1) consists of three compartments (1, 2, 3) separated

Fig. 1. Three-compartment electrodialysis device (1, 2, 3} including two membranes with M, cut-off values of 30 000 (4) and 500 (5).
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by two porous membranes, made of regenerated
cellulose, with M_ cut-off values of 30 000 (4) and
500 (5) (Amicon, Danvers, MA, USA), respectively.
The compartments are bores with a diameter of 2
mm in cubes of Perspex (2X2X2 cm3). Prior to
electrodialysis, the first compartment is filled with
sample solution (ca. 50 wl), and the second and third
compartments with pure water and 10 mM am-
monium acetate buffer, pH 35, respectively. All
phases are stagnant. The platinum electrodes are
positioned in the first (cathode) and the third (anode)
compartment. Electrodialysis is performed by apply-
ing a voltage (150—600 V) over the electrodes for a
few minutes. Subsequently, the fused-silica capillary
(S8.G.E., Ringwood, Victoria, Australia) (75 pm LD,
375 wm O.D., {,,=0.80 m, /,,,=0.55 m) is inserted
through the septum (6) onto the membrane in the
second compartment and electrokinetic injection is
carried out at —10 kV for 15 s, with the cathode in
the third compartment and the anode (ground) in the
outlet buffer vial. After injection, the capillary inlet
is placed in a buffer vial and capillary zone electro-
phoresis is performed at a voltage of —30 kV
(Spellman 1000R, Plainview, NY, USA). UV ab-
sorbance detection (CE-adapted Spectroflow 773,
Kratos Analytical Instruments, Ramsey, NJ, USA)
was at A=200 nm. For safety reasons, the elec-
trodialysis device (EDD) and the buffer vial con-
taining the high voltage electrode were positioned in
a plexiglass box. In between analyses, the EDD is
taken to pieces and the channels are rinsed with pure
water. In ca. 1 min, the device is cleaned, filled with
fresh liquid and, if necessary, provided with a new
membrane.

3. Results and discussion
3.1. Electrodialysis

Commonly, electrodialysis is performed in a de-
vice containing two compartments, the donor and
acceptor compartments, which are separated by a
membrane. The anode and cathode are positioned in
the electrode compartments [35]. Electrodialysis thus
performed allows the separation of high- from low-
molecular mass compounds, determined by the mem-
brane cut-off value. At the same time, positive ions
can be separated from negative ions, which is

determined by the polarity of the electrodes. Enrich-
ment of ions can be achieved by the use of a flowing
donor phase and a stagnant acceptor phase [29]. With
such a device, all ions having the same charge and a
molecular mass below the membrane cut-off value
are concentrated in the acceptor compartment. This
method has been combined with ion chromatography
[34] and with liquid chromatography [35].

Electrodialysis combined with CE requires another
approach. Enrichment of the analytes together with
the low-molecular-mass background ions is not very
favourable, as this will also increase the sample’s
conductivity. Electrokinetic injection of high-con-
ductivity samples is disadvantageous in CE as the
sample conductivity affects the amount of analyte
injected. Whereas a poorly conductive sample leads
to stacking/field amplification (high local electric
field strength), from a highly conductive sample, less
analyte is injected because of a decrease of the local
electric field strength. This would diminish the
concentrating effect on the analyte(s) achieved dur-
ing electrodialysis. Therefore, selective analyte en-
richment is needed.

So far, two devices have been developed for on-
line coupling of electrodialysis to CE. One device
consists of two compartments and one membrane
and allows sample clean-up in only 10-20 s [26,27].
The other device (Fig. 1) consists of three compart-
ments and two membranes with different M, cut-off
values and enables not only sample purification but
also selective analyte enrichment {27]. A schematic
representation of this electrodialysis process is
shown in Fig. 2. Before electrodialysis, the first
compartment is filled with a sample solution, consist-
ing of molecules with different molecular masses.
The second and third compartments are filled with
water and electrophoresis buffer, respectively. By
applying a voltage of ca. 600 V, ions with the
appropriate charge, in this case anions, and a molec-
ular mass smaller than the size of the membrane
pores will migrate from the first to the second
compartment. Anions with a molecular mass below
the second membrane cut-off value will eventually
migrate into the third compartment, whereas anions
larger than the size of the (second) membrane pores
are retained at the membrane. Thus, by a proper
selection of the membranes, i.e. the size of the first
membrane pores (M, cut-off: 2-100-10%) being
larger than the analyte and the second membrane
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Fig. 2. Electrodialysis process. I=before electrodialysis, II=after
electrodialysis. |, 2, 3=compartments 1, 2 and 3; 4=membrane
with a M, cut-off value of 30 000; S=membrane with a M, cut-off
value of 500; 6=septum for the fused-silica capillary.

pores (M, cut-off: 100 or 500) being smaller than the
analyte, the analyte can be separated from high-
molecular-mass compounds (first compartment) as
well as from low-molecular-mass compounds (third

compartment). The device also enables the selective
enrichment of analytes on the membrane in the
second compartment [27]. If the pores of the second
membrane are too large, the analyte will migrate
through the membrane together with the matrix ions.
Consequently, no enrichment of analyte will occur.
In this case, the sample is only purified from high-
molecular-mass compounds and eventually loss of
analyte occurs.

3.2. Optimization and characterization of the
device

In order to achieve the best performance, several
parameters have been investigated that have an effect
on the electrodialysis process. First, attention was
focused on the influence of the applied electric field
on analyte enrichment. Therefore, compartment 1
was filled with a sample solution consisting of 10
uM PIP3 (M _=774.1) in electrophoresis buffer.
Using an electrodialysis time of 5 min, the elec-
trodialysis voltage was varied from 0 to 600 V. At
600 V, the best result was obtained. At a voltage
higher than 600 V, too much heat was generated and
gas bubbles were formed. If the applied voltage was
zero and, thus, pure dialysis was carried out for 5
min, no PIP3 could be detected. Therefore, the
contribution of dialysis to the electrodialysis process
in the first 5 min can be neglected.

Next, the electrodialysis time was optimized.
Again, compartment 1 was filled with 10 uM PIP3
in electrophoresis buffer. The electrodialysis time
was varied from 1 to 10 min at a voltage of 600 V.
From 1 to 5 min, the enrichment of PIP3 was
improved, which resulted in a non-linear curve (Fig.
3, n=3), whereas at an electrodialysis time of 8 or
10 min, too much heat was generated, leading to the
formation of gas bubbles and a reduction of the
current. Presumably, the non-linearity of the curve is
also due to Joule heating, leading to a decrease in the
viscosity and an increase in the electrophoretic
mobility of PIP3. Obviously, the dialysis time has to
be regulated accurately to achieve reproducibie
results.

In Fig. 4, two electropherograms are depicted,
obtained after electrokinetic injection and capillary
zone electrophoresis (CZE) of a solution containing
10 pM PIP3 in electrophoresis buffer, without (A)
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Fig. 3. Peak height of PIP3 versus electrodialysis time (n=3).
Electrodialysis voltage, 600 V; electrokinetic injection, 15 s, —10
kV; CZE, —30 kV.
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Fig. 4. Electropherograms of 10 wM PIP3 after electrokinetic
injection—CZE without (A) and with (B) electrodialysis pretreat-
ment. UV detection was at A=200 nm.

and with (B) electrodialysis pretreatment. In this
figure, the enrichment is clearly shown by the
enormous increase in peak height. The concentration
factor for PIP3 was ca. 50 in only 5 min of
electrodialysis time. However, two analyte impurities
with higher electrophoretic mobilities than that of
PIP3 can be seen in the electropherogram. The
impurities were also concentrated in the elec-
trodialysis device due to their molecular masses, 656
and 756, respectively, which were determined with
CZE coupled to mass spectrometric detection [36].
The concentrating effect on the impurities was higher
than on PIP3, due to their higher electrophoretic
mobilities.

In order to investigate the effect of sample con-
ductivity on analyte enrichment, several sample
solutions, all containing 10 wM PIP3, were elec-
trodialyzed. The sample conductivity was varied by
changing the ammonium acetate concentration. As
reference experiments, electrokinetic injection fol-
lowed by CZE was performed with identical sample
solutions. As has been described by several research-
ers, analyte stacking can be achieved during electro-
kinetic injection by the use of poorly conductive
matrices by the use of a poorly conductive matrix
and a highly conductive electrophoresis buffer in the
fused-silica capillary [37]. Using a CZE buffer of 10
mM ammonium acetate, the effect of sample con-
ductivity on the electrokinetic injection is shown in
Fig. 5 (diamonds). A sample matrix of 10 mM
ammonium acetate did not cause any stacking or
dilution. However, a decrease of the conductivity in
the sample leads to a higher peak height of PIP3, and
vice versa.

A similar relationship between matrix conductivity
and peak height was observed after electrodialysis—
electrokinetic injection—-CZE (Fig. 5, triangles).
However, the PIP3 peak height in this curve is much
higher, due to the concentrating effect of elec-
trodialysis. Also, for this curve, a highly conductive
sample solution appeared to be disadvantageous for
PIP3 peak height. Acetate ions, which are smaller
than the membrane pores, migrate freely through the
device from the first to the third compartment. After
5 min of electrodialysis, the acetate ion concentration
in the second compartment equals that of the first
compartment before electrodialysis. Consequently,
the initial acetate concentration in the sample has an
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Fig. 5. Effect of the conductivity of the sample matrix (ammonium
acetate concentration) on the peak height of PIP3 (left axis) and
the enrichment factor (right axis). A comparison between electro-
kinetic injection with (triangles) and without (diamonds) elec-
trodialysis pretreatment is shown. The bullets indicate the enrich-
ment factor of PIP3 as a function of sample conductivity.

effect on the electrokinetic injection performed after
electrodialysis. PIP3, however, has been selectively
concentrated on the second membrane, as its molecu-
lar mass is larger than the pore size.

Furthermore, in Fig. 5, the enrichment curve
(bullets) is constructed as the quotient of the elec-
trodialysis curve and the electrokinetic curve. For
PIP3 samples with an ammonium acetate concen-
tration of 10 or 30 mM, the enrichment factor was
more than 50. For a poorly conductive sample,
however, the extra enrichment by electrodialysis, on
top of the stacking achieved during electrokinetic
injection, is rather low. This is probably the result of
the buffer solution (10 mM ammonium acetate) in
the third compartment, which increases the con-
ductivity in the second compartment during elec-
trodialysis, thus affecting electrokinetic injection
after electrodialysis. Fig. 5 clearly demonstrates that
sample pretreatment using electrodialysis and elec-
trokinetic injection prior to CZE is influenced by the
conductivity of the sample. Calibration of the system
is recommended for accurate quantitative analysis.

Because the electrodialysis device has been de-
veloped for trace analysis in complex matrices, its
performance was tested at the submicromolar level.
Unexpectedly, the concentration factor of ca. 50
could not be achieved at PIP3 concentrations below

5 wM. This phenomenon appeared to be caused by
adsorption of PIP3 to the Perspex electrodialysis
device. By a competitive mechanism between PIP3
and another inositol phosphate, inositol hexakisphos-
phate (IP6), adsorption of PIP3 could be reduced. In
Fig. 6, the PIP3 peak height is plotted versus the
concentration of IP6 that was added to the sample
(n=3). The peak height of PIP3 is actually the result
of two effects. First, IP6 reduces the wall adsorption
of PIP3 during electrodialysis, leading to a higher
PIP3 signal (Fig. 6). Second, IP6, having a molecu-
lar mass of 660, is also concentrated during elec-
trodialysis. Due to this increase of the conductivity,
IP6 has a negative effect on the electrokinetic
injection of PIP3, performed after electrodialysis
(Fig. 6). An optimum of both effects was obtained at
50 uwM 1P6.

3.3. Quantitative aspects

For quantitative purposes, a comparison has been
made between -electrokinetic injection with and
without electrodialysis pretreatment. The following
parameters were compared: The reproducibility,
expressed as the relative standard deviation (R.S.D.),
the linearity, characterized by the correlation coeffi-
cient, and the concentration limit of detection
(CLOD). All experiments were carried out for
standard samples of PIP3 in electrophoresis buffer
and for the electrodialysis experiments, 50 wM IP6

PIP3 peak height (%)

200 300 400 500 600
concentration IP6 (uM)

0 100

Fig. 6. PIP3 peak height after electrodialysis—electrokinetic
injection—CZE versus the concentration of IP6 added to the
sample (n=3). PIP3 concentration, 1 uM in electrophoresis
buffer.
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was added to the sample. Reproducibility data
showed that electrokinetic injection without elec-
trodialysis could be performed more precisely
(R.S.D.=7.8, nr=5) than with electrodialysis
(R.S.D.=13.8, n=5). In order to investigate the
linearity of the method as well as the CLOD, a
calibration plot was constructed. It showed that,
without electrodialysis pretreatment, the correlation

0.5 mAU

UV absorbance (AU)

———® time (min)

Fig. 7. Determination of 500 nM PIP3 in a complex matrix using
electrodialysis—electrokinetic injection~CZE. Membrane M, cut-
off values, 2000 and 500. UV detection was at A=200 nm.

coefficient was 0.996 in the concentration range
5-500 pM (n=3). With electrodialysis pretreatment,
the correlation coefficient was 0.989 in the con-
centration range 0.1-2 pM (n=3). The CLOD was
100 nM with electrodialysis compared to 5 pM
without electrodialysis.

3.4. Determination of IP3 derivative in a complex
matrix

Fig. 7 demonstrates the usefulness of elec-
trodialysis pretreatment for the analysis of PIP3 in a
complex matrix. The yeast cell matrix, containing
high- as well as low-molecular-mass (unknown)
compounds, was spiked with PIP3 and IP6 to
concentrations of 500 nM and 50 pM, respectively.
In this complex matrix, the addition of 50 pM IP6
had the same effect as in a standard solution of PIP3.
The M, cut-off values of the membranes were 30 000
and 500. Under these conditions, however, too many
compounds from the matrix were still being captured
in the second compartment. Therefore, the selectivity
was improved by using a membrane with a M,
cut-off value of 2000. The result is shown in Fig. 7.
Only negatively charged compounds with molecular
masses of between 500 and 2000 are trapped and
concentrated. Thus, the selectivity of sample purifi-
cation can be modified without affecting the concen-
trating effect.

4. Conclusions

An electrodialysis device has been developed and
described for on-line coupling to capillary electro-
phoresis. It allows selective analyte enrichment and
sample clean-up at the same time. The electrodialysis
time was only 5 min and a concentration factor of
40-50 has been achieved. In addition to the speed,
the developed technique is relatively cheap, uses a
small amount of sample (ca. 50 wi), a small volume
of other chemicals, i.e. electrophoresis buffer, and
does not use any organic modifiers.

Acknowledgements

The authors wish to thank Henk Verpoorten for his



172 B.A.P. Buscher et al. | J. Chromatogr. A 788 (1997) 165-172

skilful help in the development of the electrodialysis
device. Perstorp Pharma is kindly acknowledged for
support.

References

[1] R.-L. Chien, D.S. Burgi, Anal. Chem. 64 (1992) 1046.

[2] R.-L. Chien, D.S. Burgi, Anal. Chem. 64 (1992) 489.

[3] F. Foret, V. Sustacek, P. Bocek, J. Microcol. Sep. 2 (1990)
229.

[4] M. Mazereeuw, U.R. Tjaden, J. van der Greef, J. Chroma-
togr. A. 677 (1994) 151.

{5] N.J. Reinhoud, A.P. Tinke, U.R. Tjaden, WM.A. Niessen, J.
van der Greef, J. Chromatogr. 627 (1992) 263.

[6] M. Mazereeuw, U.R. Tjaden, N.C. Reinhoud, J. Chromatogr.
Sci. 33 (1995) 686.

[7] E. van der Vlis, M. Mazereeuw, U.R. Tjaden, H. Irth, J. van
der Greef, J. Chromatogr. A. 687 (1994) 333.

[8] V. Kasicka, Z. Prusik, J. Chromatogr. 273 (1983) 117.

[9]1 N.A. Guzman, M.A. Trebilcock, J.P. Advis, J. Liq. Chroma-
togr. 14 (1991) 997.

[10] A.J.J. Debets, M. Mazereeuw, W.H. Voogt, D.J. van Iperen,
H. Lingeman, K.-P. Hupe, U.A.Th. Brinkman, J. Chroma-
togr. 608 (1992) 151.

[11] M.A. Strausbauch, S.J. Xu, J.E. Ferguson, M.E. Nunez, D.
Machacek, G.M. Lawson, P.J. Wettstein, J.P. Landers, J.
Chromatogr. A 717 (1995) 279.

[12] A.J. Tomlinson, W.D. Braddock, L.M. Benson, R.P. Oda, S.
Naylor, J. Chromatogr. B 669 (1995) 67.

[13] A.J. Tomlinson, L.M. Benson, N.A. Guzman, S. Naylor, J.
Chromatogr. A 744 (1996) 3.

[14] J.P. Chervet, R.E.J. van Soest, M. Ursem, J. Chromatogr. 543
(1991) 439,

[15} N.J. Reinhoud, U.R. Tjaden, H. Irth, J. van der Greef, J.
Chromatogr. 574 (1992) 327.

{16] B.A.P. Buscher, H. Irth, EM. Andersson, U.R. Tjaden, J. van
der Greef, J. Chromatogr. A 678 (1994) 145.

[17] P. Kuban, B. Karlberg, Anal. Chem. 69 (1997) 1169.

[18] MW. Lada, G. Schaller, M.H. Carriger, TW. Vickroy, R.T.
Kennedy, Anal. Chim. Acta 307 (1995) 217.

[19] B.L. Hogan, S.M. Lunte, J.F. Stobaugh, C.E. Lunte, Anal.
Chem. 66 (1994) 596.

[20] MW. Lada, R.T. Kennedy, Anal. Chem. 68 (1996) 2790.

[21] A.J. Tomlinson, L.M. Benson, R.P. Oda, W.D. Braddock,
M.A. Strausbauch, P.J. Wettstein, S. Naylor, J. High Resolut.
Chromatogr. 17 (1994) 669.

[22] L.M. Benson, A.J. Tomlinson, S. Naylor, J. High Resolut.
Chromatogr. 17 (1994) 671.

[23] S. Pilmarsdéttir, L. Mathiasson, J.A. Jbnsson, L.-E. Edholm,
J. Chromatogr. B 688 (1997) 127.

[24] A.J. Tomlinson, L.M. Benson, S. Jameson, D.H. Johnson, S.
Naylor, J. Am. Soc. Mass Spectrom. 8 (1997) 15.

[25] D.S. Stegehuis, H. Irth, U.R. Tjaden, J. van der Greef, J.
Chromatogr. 538 (1991) 393.

[26] B.A.P. Buscher, U.R. Tjaden, J. van der Greef, J. Chroma-
togr. A 764 (1997) 135.

[27] B.A.P. Buscher, U.R. Tjaden, J. van der Greef, J. Chroma-
togr. A 777 (1997) S1.

[28} JW. Putney, Jr., Receptor Biochemistry and Methodology:
Phosphoinositides and Receptor Mechanisms, Vol. 7. Alan R.
Liss, New York, 1986

[29] A.J.J. Debets, Thesis, Free University, Amsterdam, 1992,

[30] J.A. Cox, R. Carlson, Anal. Chim. Acta 130 (1981) 313.

[31] Y. Okamoto, N. Sakamoto, M. Yamamoto, T. Kumamaru, J.
Chromatogr. 539 (1991) 221.

[32] PR. Haddad, S. Laksana, R.G. Simons, J. Chromatogr. 640
(1993) 135.

[33] M. Novic, A. Dovzan, B. Pihlar, V. Hudnik, J. Chromatogr. A
704 (1995) 530.

[34] PR. Haddad, S. Laksana, J. Chromatogr. A 671 (1994) 131.

[35] M.G.M. Groenewegen, N.C. van de Merbel, J. Slobodnik, H.
Lingeman, U.A.Th. Brinkman, Analyst 119 (1994) 1753.

[36] B.A.P. Buscher, R.A.M. van der Hoeven, U.R. Tjaden, EM.
Andersson, J. van der Greef, J. Chromatogr. A 712 (1995)
235.

137] R. Kuhn, S. Hoffstetter-Kuhn, Capillary Electrophoresis:
Principles and Practice, Springer-Verlag, Berlin, Heidelberg,
1993, p. 232.



