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Capillary electroseparation methods are exciting new techniques with very broad application

areas and vast potential in pharmaceutical and biomedical analysis.

        To improve the limit of detection (LOD) capillary zone electrophoresis (CZE) has been

combined with isotachophoretic (ITP) preconcentration in a single capillary. Using the ITP-CZE

combination the LOD can be improved at least 100-fold. Laser-induced fluorescence (LIF)

detection is more sensitive and more selective than the most common detection technique, UV,

and the intensity and focusing capability of LIF fits well with the small dimensions in CZE. The

total sensitivity enhancement attained for a new acetylcholinesterase inhibitor, NXX-066, by

using ITP-CZE-LIF was more than 5500-fold compared to CZE-UV.

        Capillary electrochromatography (CEC) combines the high separation efficiency of CZE with

the vast possibilities to improve selectivity of HPLC. We have examined different ways to solve

the problem of extensively tailing peaks and studied the influence of the mobile phase

composition on the electrochromatographic performance for a number of tricyclic antidepressants

and related quaternary ammonium compounds: (1) Adding aliphatic amines to the mobile phase

in reversed phase CEC. The effect on the chromatographic performance was coupled to the

hydrophobicity of the additive and the amine of our choice was dimethyloctylamine. (2) Silica-

based cation exchangers with different pore size. The large-pore materials promoted pore flow,

but this had no positive influence on the performance. The small-pore (highest surface area)

particles gave the best selectivity. (3) Designing special continuous beds. As the bed is covalently

attached to the capillary wall, problems related to retaining frits are avoided. The stationary

phase most suitable for our analytes had a molar ratio of 1:80 between the functional ligands,

vinyl sulphonic acid and isopropyl groups, respectively. The LOD was lowered 26000-fold by

dissolving the sample in a low-conducting medium.
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Abbreviations

ACN Acetonitrile

asf Asymmetry factor

CE Capillary electrophoresis

CEC Capillary
electrochromatography

CLOD Concentration limit of
detection

CZE Capillary zone
electrophoresis

DMOA Dimethyloctylamine

EOF Electroosmotic flow

HPLC High performance liquid
chromatography

ID Inner diameter

ITP Isotachophoresis

KRF Kohlrausch regulating
function

LC Liquid chromatography

LIF Laser-induced fluorescence

LOD Limit of detection

MEKC Micellar electrokinetic
chromatography

N Number of theoretical plates

ODS Octadecylsilica

RS Resolution

RP Reversed phase

SCX Strong cation exchanger

UV Ultraviolet
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1. Analytes used in the studies

Analyte
(discussed in
paper no.)

Short 1pKa/logKD

2S/T/Q

Structure

Metoprolol

(paper I and II)

Meto pKa = 9.7

logKD = 2.3

S

O NH

O

OH

Propranolol

(paper II)

Prop pKa =9.5

logKD = 3.3

S O NH
OH

NXX-066

(paper II)
T

N

N
O N

O

Nortriptyline

(paper I, III,
IV and V)

Nor/

NOR/

N

pKa = 9.7

logKD = 4.0

S

NH

                                                
1 data mostly retrieved from Clarke’s Isolation and Identification of Drugs, 2:nd Ed. The Pharmaceutical Press,
London, 1986.
2 S = secondary amine, T = tertiary amine, Q= quaternary ammonium compound
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Analyte Short 1pKa/logKD

2S/T/Q

Structure

Amitriptyline

(paper I, III,
IV and V)

Ami/

AMI/

A

pKa =9.4

logKD = 5.0

T

N

N-Methyl-
amitriptyline

(paper I, III,
IV and V)

M.ami/

M.AMI/

M Q

N
+

Desipramine

(paper III
and IV)

Desi/

DESI/

D

pKa = 10.2

logKD = 4.2

S N

NH

Imipramine

(paper III
and IV)

Imi/

IMI/

I

pKa =9.5

logKD = 4.6

T N

N

                                                
1 data mostly retrieved from Clarke’s Isolation and Identification of Drugs, 2:nd Ed. The Pharmaceutical Press,
London, 1986.
2 S = secondary amine, T = tertiary amine, Q= quaternary ammonium compound
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Analyte Short 1pKa/logKD

2S/T/Q

Structure

Clomipramine

(paper III
and IV)

Clomi/

CLOMI/

C

pKa =9.4

logKD =5.3

T N

N
Cl

N,N-Dimethyl-
protriptyline

(paper IV)

DM.Pro/

DM.PRO

Q

N
+

N,N-Dipropyl-
protriptyline

(paper III
and IV)

DP.Pro/

DP.PRO

Q

N
+

                                                
1 data mostly retrieved from Clarke’s Isolation and Identification of Drugs, 2:nd Ed. The Pharmaceutical Press,
London, 1986.
4 S = secondary amine, T = tertiary amine, Q= quaternary ammonium compound

2
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Introduction

In pharmaceutical analysis, as in most branches of analytical chemistry, it is

often of utmost importance to achieve adequate separation of all components of

interest in a sample. Liquid chromatography and gas chromatography still

dominate, but new separation methods continue to appear to complement and

eventually to replace existing procedures. Capillary electroseparation

methods are a group of techniques that are very exciting and have vast potential

in pharmaceutical analysis. Among the most common modes of electrodriven

separations are capillary zone electrophoresis (CZE), micellar electrokinetic

chromatography (MEKC) and capillary electrochromatography (CEC). These

techniques have in common that an electric field is applied along a capillary filled

with a carrier electrolyte.

The use of electric fields to separate molecules has been applied since the late

1800’s, but the first to demonstrate free solution electrophoresis in an open tube

was Stellan Hjertén in 1967 [1]. However, the first paper on modern capillary

electrophoresis (CE) was presented in 1981 by Jorgenson and Lukacs [2], which

stimulated intensive research in many laboratories. The first commercial CE

instrument reached the market before the end of that decade.

The dimensions in CE are very small compared to other common separation

techniques, such as high performance liquid chromatography (HPLC), and in this

era of environmental consciousness the low consumption of chemicals in the CE

techniques is a very appealing feature.

2. Basic principles and phenomena in capillary electroseparations

An electrodriven separation system is basically very simple (Figure 1). The

separation column usually consists of a fused-silica capillary with a protective

layer of polyimide on the outside. The inner diameter (ID) is usually 5 to 100 µm

and the capillary is 10 to 100 cm long. The capillary can be untreated, coated on
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the inside or packed with a stationary phase but, above all, filled with an

electrolyte that can support current. The ends of the capillary are immersed in

vials filled with the carrier electrolyte that are connected to the electrodes. The

sample is applied by inserting the inlet end of the capillary (most often the anodic

end) in a sample vial and the sample is injected hydrodynamically (by a pressure

difference) or electrophoretically (by applying a voltage). The inlet end is then

transferred back to the electrolyte vial and a high voltage is applied along the

column. The electric field is normally in the range of 100 to 500 V/cm. Detection

is performed either on-column or post-column.

V

D

B B

!C/P

S

E

Figure 1. The basic principle of a capillary electrophoretic system. B = electrolyte vial, S =
sample vial, V = high voltage aggregate, D = detector (on-column), which sends the signal to a
computer or a printer (C/P), the signal results in an electropherogram (E).
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2.1. Electroosmosis

A prerequisite condition for electroosmosis - also called electroosmotic flow (EOF)

- is that the inner surface of the capillary wall is charged. In the case of plain

fused-silica capillaries, the acidic silanol groups at the capillary surface

dissociate depending on pH giving the wall a negative charge. This charge

attracts positive ions from the electrolyte to the wall to create an electrical double

layer. The first layer (Stern layer) is tightly bound to the surface and is stagnant,

even under the influence of an electric field. The second layer is more diffuse, and

when a voltage is applied over the capillary these cations will then be drawn

towards the cathode, owing to their solvation and to friction the whole bulk

solution will eventually be dragged towards the cathode, resulting in a flow. The

potential across the layers is called the zeta-potential (ζ). Since the flow

originates from the capillary wall the flow profile is very flat, in contrast to that

produced by a pump which gives a parabolic flow. The flat flow profile is one of

the reasons behind the high efficiency in electrodriven separations. The EOF is

often sufficiently high that even negatively charged molecules are pushed in the

direction of the negative electrode (the cathode). The velocity (v) of the EOF can

be described by equation 1:

Ev
η
ζε=

(1)

where ε is the dielectric constant of the carrier electrolyte, ζ  is the zeta potential,

η is the viscosity of the electrolyte and E is the electric field over the capillary.

The zeta potential is described by equation 2:

ε
ζ δπ e4=

(2)

where δ is the double layer thickness and e is the total excess charge in solution

per unit area.
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2.2. Separation principles

2.2.1. Capillary zone electrophoresis (CZE)

In CZE, the simplest electrodriven system, the separation between solutes

depends on their electrophoretic mobility, which is governed by the ratio between

charge and size (including the hydration shell) of each species. Anions are

attracted by the anode and cations by the cathode, but due to EOF all solutes,

even neutral and anionic substances, can end up at the cathode. Accordingly, the

elution order on the cathodic side would be: small positive ions > large positive

ions > neutral solutes > large negative ions and finally small negative ions.

2.2.2. Micellar electrokinetic chromatography (MEKC)

Neutral solutes, or molecules with very similar charge-to-size ratio, are

impossible or difficult to separate in CZE. In order to separate these kinds of

analytes, MEKC [3] can be a solution. In MEKC, a surfactant that forms micelles

is dissolved in the carrier electrolyte. A separation will be accomplished if the

analytes have different distribution to the micelles. The distribution is mostly

related to the hydrophobicity of the solute, but also to electrostatic

attraction/repulsion. Charged micelles are necessary to effect separation between

neutral solutes, but for charged analytes neutral surfactants can be used as well.

The micelles are often referred to as a pseudo stationary phase.

2.2.3. Capillary electrochromatography (CEC)

One of the newest members in the family of electrodriven separations is CEC.

This technique can be regarded as a combination of Liquid chromatography (LC)

and CE in which the high efficiency of CE is complemented with the vast

possibilities of LC to affect the selectivity by means of both stationary and mobile

phases. The separation will be a result of both chromatographic and

electrophoretic processes.
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3. Aim of studies

The aim of these studies has been to develop and investigate different

electrodriven separation methods in the analysis of basic drugs and related

substances.

In part one the goal was to increase detectability by combining isotachophoretic

preconcentration and capillary zone electrophoresis separation or micellar

electrokinetic chromatography in a single capillary, and eventually also with a

very sensitive laser-induced fluorescence detector.

In part two the aims were to study three different types of stationary phases in

capillary electrochromatography and to solve the problem of extensively tailing

peaks for hydrophobic amines. The parameters studied are the effect of the

composition of the mobile phase and the properties of the stationary phases

regarding hydrophobicity, charge and pore size on the separation behaviour of

the analytes.

4. Part one. Detectability improvements in capillary
electrophoresis by isotachophoretic
preconcentration

Capillary electroseparations have wide analytical applications, from small

inorganic ions to large macromolecular structures such as proteins. The small

dimensions and low sample consumption is a great asset, but also a limitation.

One of the major drawbacks is the relatively poor limit of detection (LOD). The

most common detection technique in CE is measuring the absorbance of

ultraviolet light (UV-detection) on-column, i.e., through the column. According to

Lambert-Beer’s law, the absorbance is proportional to the product of

concentration, path length and absorptivity, which is specific for each analyte.
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Since the optical path length - which equals the ID of the capillary - is very short,

the concentration has to be comparatively high to give a response by the detector.

Many samples in pharmaceutical analysis have very low analyte concentrations

and, accordingly, CE methods can be inapplicable. An obvious solution would be

to increase the amount of sample injected, but as a rule of thumb the length of

the sample zone should be less than 1% of the capillary length to avoid

overloading and concomitant distortions in the electropherograms. Hence, when

using a 50-cm long capillary of 50 µm ID, the sample zone should be less than 5

mm which equals an injection volume of less than 10 nL.

4.1. On-line preconcentration methods for CE

Several methods to increase the amount of analytes injected without impairing

peak shape or resolution have been presented [4 and references herein]. They all

act to concentrate the analytes, which can be done off-line and/or on-line.

Efficient off-line methods are not always available and must then be

complemented by an electrophoretic on-line concentrating step [5]. The methods

effect preconcentration either by manipulating the electrophoretic velocity or

utilising the partition properties of the analytes. Only electrophoretic on-line

methods will be discussed below. Common zone sharpening techniques can

roughly be divided into stacking and isotachophoresis.

4.1.1. Stacking

Stacking can be subdivided into numerous variants [4], such as pH-mediated

stacking, large-volume sample stacking [6], field-amplified sample stacking [7,8]

etc. Common to all stacking methods is that the analytes migrate fast through

one buffer zone and slow down drastically when they enter the next buffer zone.

The simplest way to accomplish this is to dissolve the sample in a buffer having a

lower conductivity than the separation electrolyte. Since the electric field will be

higher in the low-conducting zone, the analytes will move at a high velocity. The
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velocity will drop sharply when the analytes enter the high-conductivity zone

where the electric field is lower. The preconcentrating effect should, in theory, be

proportional to the conductivity ratio between the separation electrolyte and the

sample [9], but the stacking efficiency is usually lower, as it is counteracted by

differences in EOF in the different zones. On-line preconcentration can also be

done in MEKC systems [5, 10-17]. These techniques more or less combine the

features of partition into the pseudo stationary phase (the micelles) and stacking

to produce zone sharpening.

4.1.2. Single capillary isotachophoretic preconcentration (paper I)

Bioanalytical samples, e.g., urine or plasma, contain high concentrations of ions

of endogenous origin, which make such samples less suitable for stacking, since

the conductivity is high. By using isotachophoresis (ITP) the endogenous

components of the sample even can help to accomplish zone sharpening. In

traditional capillary ITP, one of the buffer vials contains the leading electrolyte

and the other vial the terminating electrolyte. The preconcentration can be made

in the same capillary as the concomitant separation or in a coupled column

system. When using coupled capillaries, the ITP capillary is usually wider than

the separation capillary to permit larger injection volumes [18-23]. A drawback is

that commercial CE-instruments can not be used without extensive

modifications. With two capillaries it is also possible to transfer a selected part of

the preconcentrated sample zone into the separation capillary and, hence, a

sample clean-up can be accomplished [24,25]. Isotachophoretic preconcentration

in a single capillary is possible in conventional CE-instruments. However, in

order to control the preconcentration and the destacking process, some measures

have to be taken to prevent the ITP-train from moving too far into and out of the

capillary and/or to pushing the analyte zones back to the inlet end after the

focusing.
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The best way to accomplish single capillary isotachophoretic preconcentration is

to use a hydrodynamic counterflow to prolong the time available for focusing

and to push the analyte bands towards the inlet [26-30]. The sample volume

injected is limited only by the dimensions of the capillary. However, the amount

of analytes injected can be increased by electroextraction [31]. CE-instruments

that can apply both pressure and voltage at the same time are easiest to use, but

other instruments can be modified to do so [32,33]. In paper I we have described

a methodology to find the proper conditions for enhancing detectability for some

basic drugs in CE by combining ITP, mainly with CZE, but also with MEKC. The

instrument we have used can simultaneously apply voltage and pressure and is

an excellent tool in ITP preconcentration.

In ITP, cations or anions line up, according to their mobilities, between a leading

and a terminating ion. The leading ion has a higher mobility and the terminating

ion has a lower mobility than any of the ions to be analysed. Each ion forms a

band that is in tight contact with the adjacent ion bands. To preserve the

electrical current the different ion zones have to move with the same velocity. At

the steady state the concentration of each ion is related to the concentration of

the leading ion according to the Kohlrausch regulating function (KRF):

µµ
µµ

µ
µ

RA

RL

L

A
LA cc

+
+××= (3)

where c is concentration and µ is mobility (absolute values). The indexes A, L and

R stand for analyte, leading and counter ions, respectively. A long zone of an

analyte with a lower concentration than the leading ion will thus contract into in

a very narrow band.

The practical principles of the method that we have used in paper I and II are

illustrated in Figure 2, which includes the following steps:
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I. Hydrodynamic injection of the

sample dissolved in leading

electrolyte.

II. ITP is started by applying a

voltage. A hydrodynamic

pressure is used to prevent the

sample from leaving the

capillary.

III. The hydrodynamic back pressure

is increased to push the

preconcentrated analyte bands

towards the inlet while

monitoring the electrical current.

IV. At a defined current the pressure

and voltage is automatically

interrupted and the terminating

electrolyte is exchanged for

leading electrolyte.

V. Voltage is applied and the

destacking is initiated.

I.

II.

III.

IV.

V.

+

+

+

–

–

–

Figure 2. Illustration of the ITP-CZE
principle. The sizes of the arrows reflect the
magnitude and direction of the
hydrodynamic pressure.

The first step in elaborating the method is to determine the mobility of the

leading ion, the analytes, the terminating ion and the counter ion in the

electrolytes. The terminating ion should have a mobility just a little lower than

that of the slowest analyte. Ions slower than the terminating ion will be removed

from the capillary as the ITP train is pushed back towards the inlet which means

that a partial sample clean-up can be accomplished in a single capillary set-up

too. As most small ions have little or no UV absorbing properties, UV-detection of

these has to be done indirectly by using an electrolyte with a high background
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absorbance [34]. The mobilities are then used to calculate conditions according to

the KRF, such as the proper concentration of the terminating ion and the final

concentrations of the analytes when using a particular concentration of the

leading ion.

Short pre-tests were made in order to determine the hydrodynamic back pressure

needed. Excessive back pressure led to loss of sample, i.e., no peaks were

observed in the concomitant CZE run, whereas an insufficient pressure led to loss

of resolution because destacking commenced too close to the detection window.

The time needed for the ITP preconcentration depends on the mobilities of the

slowest analyte and the leading ion, the field strength in the leading zone and on

the length of the injected sample zone. A too short preconcentrating step will

result in a squared step-like formation at the base of the peak. When using a

hydrodynamically balanced system, however, there is no upper limit for the time

for the ITP step as the sample will not leave the capillary. As mentioned above,

the current is monitored during step III. When the low-conducting zones are

pushed out of the capillary the current increases and will reach a plateau when

nothing more than the leading electrolyte is still in the capillary. Our CE-system

could be programmed to interrupt step III when the current was within a few

tenths of a microampere from the plateau, when the analytes still remain in the

capillary and most of the terminating electrolyte has left the capillary. The

margin between loss of sample and destacking initiated too close to the detector

was very narrow.

Hydrodynamic pressure during electrophoresis impairs the separation due to the

parabolic flow induced. In the case of ITP, the laminar flow is not so detrimental

because of the so-called self-regulating properties of ITP, so long as the electric

field is present. The current must be constant in an ITP system, and Ohm’s law

means that the electric field must be lower the higher the conductivity a certain

zone has. Consider a single analyte band between the leading and terminating

zones. If an analyte ion should fall behind it would experience a high electric field

in the low conducting terminating zone and accordingly increase its velocity to re-
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enter its own zone. If it should enter the leading zone it would concomitantly slow

down due to the lower field strength, hence, all zones will have very sharp

boundaries as long as ITP conditions prevail. To confirm that no sample is lost

during this whole procedure comparisons can be made with normal CZE runs

where the same amount of sample is injected (Figure 3).

Figure 3. Comparison of CZE and ITP-CZE electropherograms. The amounts of the analytes
(amitriptyline and metoprolol) injected are the same in both cases, although the concentrations
and injection volumes differ. Separation conditions: carrying electrolyte 10 mM NaOH adjusted to
pH 2.75 with H3PO4. Ld 40 cm, Ltot 55 cm, Voltage 15.3 kV, UV-detection at 211 nm, time axis:
t = 0 when the CZE step starts. Reprinted from paper I with permission from the publisher.
CZE: Injection 20 mbar×0.06 minutes

Ami conc: 5.9×10-6 M
Meto conc: 1.9×10-5 M

ITP-CZE: Injection 100 mbar×2.00 minutes
Ami conc: 3.5×10-8 M
Meto conc: 1.1×10-7 M

Under the conditions used in paper I the detectability improvement for the basic

drugs amitriptyline and metoprolol was 170-fold upon combining ITP and CZE in

a single capillary. We also showed that ITP preconcentration was applicable in

combination with MEKC.

4.2. Laser induced fluorescence (paper II)

The limit of detection can be improved by using more sensitive and/or more

selective detectors. A general UV-detector discerns most organic substances but
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is rather insensitive compared to detectors based on fluorescence or mass

spectrometry (MS). Fluorescence detectors are both more sensitive and selective

than UV. Laser-induced fluorescence (LIF) does not have as many available

wavelengths as a lamp-based detector but the intensity and focusing capability

are much better, which fits well with the small dimensions in CE. Commercial

LIF-detectors for CE are described together with a brief overview of CE-LIF in

the analysis of drugs in a review article [35].

In the experiments described in paper II, injections of 1% of the capillary volume

in CZE were compared to filling the whole capillary with sample and running an

ITP preconcentration before the CZE separation. The loadability was thereby

increased 100-fold. The repeatability and linearity of the ITP-CZE method were

thoroughly established for two important basic drugs: propranolol and

metoprolol. The coefficients of variation in migration times (< 2.3 %) and peak

areas (<3.6%) were low and the regression coefficients were acceptable (r2 = 0.996

for metoprolol). The LOD was around 1×10-7 M, for these two model compounds,

when UV-detection was used. Another substance, NXX-066, a new basic

acetylcholinesterase inhibitor, was also tested. The LOD in the ITP-CZE-UV

system for this substance was 5.5×10-8 M. Further detectability improvements

were done by using a LIF detector instead of UV detection. Frequency-doubled

argon ion laser set-ups like the one used in this study are very uncommon around

the world. The LIF detector used 244 nm for excitation, which was very suitable

for NXX-066, which exhibits intrinsic fluorescence with an excitation maximum

at 246 nm. At first, the gain in sensitivity seemed disappointing upon comparing

LIF with UV, but it turned out that the sample became photo-bleached during

the ITP step. When the laser beam was blocked until the CZE step was started

the investigation proved that LIF was at least 55-fold more sensitive than UV.

The total gain in detectability in the ITP-CZE-LIF method compared to CZE -UV

was thus 5500-fold and NXX-066 could be determined at a concentration of 1 nM

(Figure 4).



23

Figure 4. Electropherogram from a LIF-ITP-CZE run
where a 1 nM solution of NXX-066 was injected. The whole
capillary (1050 nL) was filled with sample. ITP-CZE
conditions as described in paper II. Reprinted with
permission from the publisher.

4.3. Conclusions part one

Isotachophoretic preconcentration is an excellent method to improve detectability

at least 100-fold in capillary electrophoresis. Upon combining ITP-CZE with a

more sensitive detection technique, laser-induced fluorescence, the total

sensitivity enhancement for NXX-066 was more than 5500-fold compared to CZE

with UV-detection. The linearity and repeatability are good, but can be further
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improved by including an internal standard in the sample. Commercial CE-

instruments can be used in the single capillary mode without modification. The

sample volume injected in our systems was limited only by the volume of the

capillary. The ITP step can effect a substantial sample clean-up, since solutes not

bracketed by the leading and terminating ions will be expelled from the capillary,

especially ions slower than the terminator. The main disadvantage of the on-line

ITP preconcentration is the time consumption. The time per sample in our

methods was 30-40 minutes, and the major time-consumer was the ITP step.

Sometimes it might be more time-effective to use common off-line

preconcentration methods, where many samples often are processed in parallel.

5. Part two. Capillary electrochromatography and
analysis of basic drugs

HPLC has been one of the dominant separation techniques in pharmaceutical

analysis during recent decades. It is a flexible, versatile and robust technique

that can be used to analyse a wide variety of samples. The selectivity is

influenced by the composition of the mobile phase and by the stationary phase

used. CE-methods as CZE and MEKC can afford very high separation efficiency,

but allow much fewer possibilities to improve selectivity than does HPLC.

However, HPLC and CE can be combined into a new technique, capillary

electrochromatography (CEC) that combines “the best of both worlds”, as

suggested by Boughtflower et al. [36]. As early as 1939 chromatography was

combined with the application of an electric field [37], but Pretorius et al. were

the first to use EOF to propel the mobile phase through a narrow LC column [38].

In 1981 Jorgenson and Lukacs demonstrated the use of CEC on reversed phase

(RP) particles in a glass capillary [2], but it was not until 1987 when Knox and

Grant published articles on theoretical and practical considerations of CEC [39-

41] that interest in the methodology really started to flourish. In CEC the
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capillary is filled or coated with a stationary phase and EOF is used to propel the

mobile phase through the column. The origin of the EOF is the capillary wall as

well as the stationary phase. In the case of a particle-packed bed most of the flow

originates at the particles [42]. The flow profile is considered flat and almost

uninfluenced by the width of the channels between the particles, leading to a

very low contribution of the flow distribution component to the band broadening.

Comparisons have been made between CEC and micro-LC on the same column

and the reduced plate height was substantially lower in CEC than in micro-LC

[43,44]. In CEC there is no pressure drop over the column which provides the

opportunity to lower the plate height even more by using smaller particles in the

stationary phase. Unger et al. have been using particles as small as 0.2 µm [45-

47].

Most of the papers published on CEC have dealt with neutral solutes or

protolytes (mostly acids) in their ion-suppressed form in reversed phase systems.

Basic substances, however, which are most common among drugs, would require

a high pH in the mobile phase in order to become neutral. However, high pH is

not recommended because it is detrimental to most silica-based stationary

phases. Analysis of bases in their protonated form also means trouble, as the

peak shape can be very bad. Tailing can be extensive and is caused by mixed-

mode interactions as the analyte interacts both with the alkyl ligands

(hydrophobic interactions) and underivatised silanol groups (ion exchange and

hydrogen bonding) [48]. The use of end-capped RP particles is less suitable, since

underivatised silanol groups are essential for the genesis of the EOF.

We have tried different ways to solve the problem of extensively tailing peaks, for

a number of tricyclic antidepressants and related quaternary ammonium

compounds (See structures in Section 1), by: (1) adding aliphatic amines to the

mobile phase in RP CEC, (2) using silica-based cation exchangers and (3)

designing special continuous beds.
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5.1 Aliphatic amines in the mobile phase to improve the

chromatographic performance in reversed phase capillary

electrochromatography (paper III).

Hydrophobic amines, e.g., tricyclic antidepressants, are notorious for giving

severe peak tailing in RP liquid chromatography. The peak tailing can be blamed

mostly on interaction with the underivatised silanol groups, and this problem can

be counteracted by addition of small aliphatic amines, e.g., hexylamine,

dimethyloctylamine (DMOA) or triethylamine to the mobile phase [49-53]. The

effects of the amines are improved symmetry, reduced retention and changed

resolution [54]. The addition of amines has beneficial effects in CEC as well [55-

58].

In paper III we compared four different aliphatic amines and studied their

influence as well as the effect of ionic strength, pH and content of organic

modifier in the mobile phase on the electrochromatographic performance of a

number of tricyclic antidepressants and related quaternary ammonium

compounds. We used three homologous primary amines: hexylamine,

heptylamine and octylamine and a tertiary amine: N,N-dimethyloctylamine

(DMOA). Octadecylsilica (ODS) particles was used as stationary phase (primarily

Spherisorb ODS 1)

The aliphatic amines act as silanol masking agents that reduce the unwanted

interaction of the analytes with the silanol groups. The addition of amines to the

carrying electrolyte in CE is often used to minimise or reverse the EOF [59, 60],

which could be a problem in CEC. The analytes used in paper III were more or

less positively charged at all conditions used and would still migrate towards the

cathode, but the flow of mobile phase could be impaired if the EOF was

drastically altered. This could imply difficulties when changing the mobile phase,

as this is done electrokinetically. The additives lowered the EOF, but under the

conditions used in the experiments the EOF was sufficiently strong to promote

efficient electrokinetic change to new mobile phases.
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We observed that the more hydrophobic the character of the aliphatic amine, the

more was the EOF lowered. The hydrophobicity of the amine was also coupled to

its effect on the electrochromatographic performance. The symmetry and

efficiency were improved, whereas the retention and resolution decreased upon

going from hexylamine to DMOA. Probably two mechanisms contribute to

reducing the EOF and analyte retention (Figure 5): (1) masking of the negative

charge of the silanol groups and (2) hydrophobic interaction of the aliphatic

amine with the alkyl ligand; resulting in (a) competition for the binding sites and

(b) a partly positively charged surface that repels the cationic analytes and

decreases the EOF. Within the concentration interval used (below 15 mM), the

addition of DMOA provided the best chromatographic performance with the

model substances tested.

O
Si O

Si

NH+

O
Si

NH +

O
O

OH

Figure 5. Illustration of how the aliphatic amines, e.g., DMOA, can interact with
the stationary phase to influence the EOF and the retention of the analytes.
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The results also indicate that the silanol groups play an essential role in the

separation mechanism. The resolution decreased as the ionic strength was raised

either by adding potassium chloride or by increasing the concentration of

aliphatic amine, due to increased competition for the silanoic cation exchange

sites (Figure 6). The symmetry improved as the concentration of the additives

was increased, while the efficiency and separation were impaired. The

asymmetry factor (asf) was below 1.3 when adding DMOA and about 32, 47 and

63% higher when using octylamine, heptylamine and hexylamine, respectively.
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Figure 6. The influence of ionic strength and concentration of aliphatic amines in the mobile
phase on the resolution (black lines) between Clomi-M.ami and Desi-Nor, respectively, and on the
efficiency (grey bars) of the last eluting analyte DP.Pro. Compound key as in Section 1.

Upon lowering the concentration of DMOA even more we observed that the best

electrochromatographic performance was obtained with a mobile phase

consisting of 5.6 mM DMOA, pH 2.8 and 60% ACN (Figure 7).
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Figure 7. Electrochromatogram obtained with the optimal mobile phase consisting of 5.6 mM
DMOA, pH 2.8 and 60% ACN. The asf for DP.Pro was 1.24. Ld 25 cm, Ltot 33.5 cm, Voltage 25 kV,
UV-detection at 211 nm. Compound key as in Section 1.

Organic modifiers such as acetonitrile (ACN) have several effects in a CEC

system. The influence on EOF is a combination of effects on viscosity, zeta

potential and the dielectric constant in the mobile phase. Since the pKa-values of

the buffer components and analytes are also affected, pH and charge will change

status, which affects both the EOF and the retention of the analytes as the

content of ACN is changed. In our - and in most other studies - on RP CEC, the

EOF increases with the content of ACN while keeping the ionic strength and pH

“constant”. We observed that the resolution between the first two eluting

analytes, desipramine and nortriptyline, was most affected by a change in the

percentage of ACN (Figure 8). The efficiencies and symmetries of the analyte

peaks were influenced by the content of ACN and proved to be best at 60%.
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Figure 8. The effect of %ACN on resolution between Clomi-M.ami and Desi-Nor (solid lines)
respectively, asymmetry factor (dotted line) and efficiency (grey bars) for DP.Pro.

phase. In CEC the effect on EOF must also be taken into account. As the pH is

raised, more silanol groups dissociate, which causes the EOF to increase. If the

retention properties are not altered the migration time of the solutes should

decrease, as the flow of the mobile phase is higher. In paper III, however, the

retention of all analytes increased. The effect of the increased EOF was

counteracted by (1) increased ion exchange interaction due to a higher number of

dissociated silanol groups, (2) a lower degree of charge on the analytes, which

resulted in (a) lower electrophoretic mobility and (b) increased hydrophobic

interaction with the alkyl ligands.

Evidence that the charge of the protolytic analytes was altered over the pH

interval of 2.8 – 6.0, was that the retention order of clomipramine (tertiary

amine) and N-methylamitriptyline (quaternary ammonium compound) was

reversed at pH 6 compared to pH 2.8 (clomipramine before N-

methylamitriptyline). The relative elution order of the other analytes was not

changed. The resolution between the secondary and tertiary amines increased,
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whereas the resolution between amines with the same substitution degree (e.g.,

secondary amines) decreased.

5.2 Capillary electrochromatography on strong cation exchangers

(paper IV)

Making CEC analyses at low pH can be troublesome due to the low EOF. To

enable high EOF at low pH, Smith and Evans suggested the use of strong cation

exchangers (SCX) as the sulphonate groups of the stationary phase are

negatively charged and can promote EOF even in strongly acidic solutions due to

their low pKa-value [61]. Unexpectedly high efficiencies were observed for some

hydrophobic amines (>8 million plates per meter). This zone sharpening is

unfortunately neither reproducible nor fully understood [62-64].

Stol et al. have reported very interesting results on CEC with macroporous

particles [65]. The use of particles with pore size large enough to allow pore flow

improves the separation efficiency. The pore flow enhances the mass transfer

rate, which leads to lower theoretical plate heights and they report reduced plate

heights as low as 0.34. Pore flow has been observed in silica with pore sizes down

to 300 Å [66].

In paper IV we have studied four SCX materials of different pore size. The effect

of the mobile phase composition regarding pH, ionic strength and content of ACN

on electrochromatographic performance for mainly two tricyclic antidepressants

and a related quaternary ammonium compound were investigated. One of the

main goals was to find a SCX that exhibited a stable and reproducible

chromatographic performance.

The EOF in CEC is considered to be independent on particle size as long as the

widths of the channels between the particles are greater than the thickness of the

electrical double layer. When there is a double layer overlap the flow will
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decrease and even cease. The thickness of the double layer is, among other

parameters, dependent on the ionic strength. Cikalo et al. calculated that the

double layer overlap in a stationary phase with a pore size around 80 Å would

occur at ionic strengths below 2.5 mM, but reduced flow was observed already at

ionic strengths below 10 mM (pH 7.5, 70% ACN) on SCX columns [67].

In paper IV we prepared the SCX particles by derivatising commercially

available naked silica materials with propanesulphonic acid ligands. The

available information for the silica particles is presented in Table 1. We named

the stationary phases XZ80, XN100, XN500 and XZ800, where X denotes that it

is an ion exchanger, N or Z specifies whether the starting material was from

Nucleosil or Zorbax and the final number equals the stated pore size in Å. In the

course of performing experiments on the different materials we were surprised to

observe a low correlation between the retention factor, k’, and the surface area of

the particles. The retention factor is usually related to the specific surface area,

provided that the density of binding sites is constant. However, plots of k’ versus

pore size revealed more general trends. The surface area ought to be inversely

proportional to pore width, but that was not the case here, at least if one trusts

the nominal values. Whether this depends on different manufacturing processes

or different techniques to measure pore size and surface area or a combination of

both can not be determined from our studies.

Table 1 The character of the pure silica particles as
denoted by the suppliers.

Supplier Pore size

[Å]

Specific area

[m2/gram]

Name after

derivatisation

Nucleosil 100 350 XN100

Nucleosil 500 35 XN500

Zorbax 80 180 XZ80

Zorbax 800 12 XZ800
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Pore width and area can differ rather substantially from the values given on the

labels [68,69]. Electron microscopic analysis3 revealed that especially Nucleosil

500 Å consisted of at least three different types of particles of different pore size.

This has also been found by Tanaka et al. [70]. Our studies revealed that the four

SCX materials often exhibited

different trends as the composition

of the mobile phase was changed.

The two wide-pore materials,

XN500 and XZ800, behaved

differently from the two small-pore

materials, XZ80 and X100.

Generally, there was sufficient

resolution between nortriptyline,

amitriptyline and N-

methylamitriptyline on columns

packed with XZ80 or XN100,

whereas the resolution was very

low on XN500 and XZ800 (Figure

9). This observation appears to be

in contradiction with Stol et al. who

reported improved separation

efficiency on RP solid phases with

wider pores [65]. Their analytes

were neutral polyaromatic

hydrocarbons where the separation

mainly depended on hydrophobic

interaction as there was no (or very

low) electrophoretic contribution to

the separation, Our analytes were
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Figure 9. Electrochromatograms from runs on
columns with the four SCX phases showing the
difference in resolution between Nor, Ami and
M.ami. pH 2.8, 60% ACN, ionic strength 12.5
mM, Voltage 10 kV. P= osmotic marker.

                                                
3Performed by Leif Ljung at the Department of Medical Cell Biology, Uppsala University Biomedical Centre.
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ionic and the elution order in CZE (pH 2.8, 60% ACN) was opposite that in CEC,

so, the chromatographic and electrophoretic processes oppose each other. In the

wide-pore systems the number of binding sites is low and the chromatographic

contribution to the separation will not be high enough to counteract the

electrophoretic process, which results in impaired separation.

In CE the EOF is influenced by the ionic strength. As the ionic strength increases

the electrical double layer becomes thinner and the EOF decreases. This was the

case for the columns packed with the small-pore particles, XZ80 and XN100.

However, for the wide-pore materials, XN500 and XZ800, the opposite was seen

(Figure 10). This is due to pore flow. As the thickness of the double layer is

reduced, i.e., the double layer overlap decreases and even disappears, more and

more of the flow will go through the particles instead of only between them,

which results in an increased EOF.
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Figure 10. The effect of ionic strength on EOF differ depending on the pore size of the SCX
stationary phases. 60% ACN, pH 2.8.
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In ion exchange chromatography the concentration of the counter-ion is used to

control the retention. The counter-ion has the same charge as the analytes and

competes with them for the binding sites and, as expected, we observed a

decreased retention as the concentration of the sodium ion, i.e., the ionic

strength, was increased. In CZE the efficiency can increase with increasing ionic

strength due to stacking effects and suppressed (unwanted) interaction with the

capillary wall [71,72]. On our SCX columns the efficiency also increased, which

probably depended on the same phenomena as in CZE, with the addition that it

was mainly the interaction with the stationary phase that decreased. An

improved mass transfer rate due to pore flow might also have contributed to the

effect. The efficiencies of the charged analytes increased more than that of the

uncharged EOF marker (Fig.3 in paper IV).

Upon raising the pH of the mobile phase the EOF increased slightly as

underivatised silanol groups dissociated, but to a much lower extent than in an

open capillary (Figure 11). With 60% ACN in the mobile phase the retention
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Figure 11. The effect of pH on the EOF in CEC on different SCX materials compared to CZE.
60% ACN, ionic strength 12.5 mM.
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increased up to pH 6.0, which must be due to increased ion exchange capacity as

the electrophoretic mobility of the analytes changed only marginally. In the pH

interval of 2.8 to 6.0 the resolution was relatively unaffected or increased

slightly, and it continued to increase on the two wide-pore materials when

changing the pH to 7.5, whereas it decreased drastically when changing the pH

to 7.5 on the two small-pore particles. The efficiencies were generally lower at pH

7.5 than 2.8.

As on the RP columns, the retention of the analytes decreased with higher

content of ACN in the mobile phase. The reduced interaction resulted in

improved efficiency and symmetry, whereas the resolution decreased. The elution

time of the EOF marker, however, increased with the ACN content on the SCX

columns. In other CEC studies on stationary phases containing sulphonic acid

ligands the effect of ACN on EOF has been different. Why it increases [73],

decreases [67] or remains almost unchanged [64] is hard to elucidate from the

details given in the articles. With these types of stationary phases and a high

content of organic modifiers in the mobile phases the systems balance on the

border between straight and RP chromatography and one reason for the

divergent results may be the lack of a suitable EOF marker.

Table 2. Strange effects on peak performance were only seen in three systems out of forty. It
always occurred for the last eluting quaternary ammonium compound M.AMI.

Mobile phase SCX Effect

I. Ionic strength 4.2 mM,

pH 2.8, 60% ACN

XZ800 Sharpening: the M.AMI peak indicated a

seven-fold higher plate number than the other

peaks.

II Ionic strength 8.3 mM,

pH 4.5, 60% ACN

XN500 Broadening: the M.AMI peak became very

wide but was still symmetrical.

III. Ionic strength8.3 mM

pH 2.8, 50% ACN

XN500 Broadening: the M.AMI peak became very

wide but was still symmetrical.
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analyte in each group eluted first. The symmetries on the SCX phases were fully

acceptable (1.0-1.6 for N-methylamitriptyline, with an average of 1.27 for all

experiments) without any special additives to the mobile phase and were rather

unaffected by changes in the mobile phase. The efficiencies obtained using these

5 µm particles were in the same range as observed using 3 µm Spherisorb ODS

particles, but the retention order was different and the resolution was lower. The

best separation was obtained on columns packed with materials with small

pores/high specific area, XZ80 and XN100 (Figure 12).
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Figure 12. Electrochromatogram showing the separation of seven tricyclic antidepressants and
related quaternary ammonium compounds on a XN100 column. pH 2.8, 60% ACN, ionic strength
12.5 mM, Voltage 10 kV. Ld 25 cm, Ltot 33.5 cm, UV-detection at 211 nm. Compound key as in
Section 1.
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5.3. Capillary electrochromatography on continuous beds

CEC has mostly been performed on capillaries packed with standard particulate

HPLC stationary phases. These phases were developed for LC and their surface

chemistry might not be optimal in CEC. In CEC the stationary phase must both

provide selectivity (interaction) and sustain EOF [74]. The particles must also be

supported by frits at both ends of the bed. The frits are often considered to cause

some major problems in CEC: fabrication irreproducibility, column fragility,

impaired resolution and bubble formation [37, 39-41]. The use of continuous beds

can be the answer to the demands of CEC. In continuous beds the stationary

phase can be considered as a single piece having a porous structure. The beds can

be formed by in situ polymerisation [75-83], polycondensation [84-86] or by

consolidation of silica particles [2, 38, 42, 61, 87-89]. The bed is covalently

attached to the inner wall of the capillary, thereby eliminating the need for

supporting frits. Continuous beds prepared from synthetic polymers are made

mainly from acrylic (acrylamides or methacrylate esters) and/or styrenic

monomers. A comprehensive review describing different polymerised continuous

beds has been published by Svec et al. [74].

In paper V we have designed and investigated polyacrylamide-based continuous

beds. The character of the polymer was systematically changed regarding

hydrophobicity and charge density. On the best stationary phase the effect of the

mobile phase composition on the separation performance of two tricyclic

antidepressant drugs and a related quaternary ammonium compound was

studied.

The preparation of continuous beds requires much less effort than slurry-packing

of particles. The procedure can be very simple: (1) fill the capillary with a mixture

of the monomers, (2) polymerise over night at room temperature, (3) wash and

equilibrate with the mobile phase. A major advantage of continuous beds over

packed beds with frits is that if the tip becomes broken or if dust particles or gas

bubbles gather at the end of the capillary one can easily cut it repeatedly until it
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finally becomes too short to fit into the CE instrument. These highly cross-linked

beds can also withstand high pressures (at least 300 bar) from, e.g., a pump.

Characteristics such as morphology, hydrophobicity and charge can easily be

modified by the choice of monomers and additives during the polymerisation

process. As a wide variety of monomers are available, it is possible to design

stationary phases with almost any desirable separating- and EOF-generating

properties [74].

Silica-based strong cation exchangers have proven to be interesting stationary

phases for the analysis of hydrophobic amines [61]. This was one of the reasons

why we chose to investigate continuous beds containing isopropyl and sulphonate

ligands. The compositions of the beds studied are shown in Table 3. The first

column prepared had a molar ratio of 1:4 between the vinylsulphonic acid (VSA)

and isopropylacrylamide (IPA) monomers. Due to the rather high charge density,

the high ionic interaction between the positively charged analytes and

Table 3. Composition of monomer solutions for preparation of the
electrochromatographic columns. Column 3B gave the best
chromatographic performance.

Column VSA:IPA
ratio

PDA
(g)

MA
(g)

IPA
(g)

VSA
(µl)

(NH4)2SO4
(g)

Buffer a
(ml)

1B

1C

3B

3C

3D

3G

1:4

1:10

1:80

only VSA

only IPA

no VSA
or IPA

0.30

0.30

0.30

0.30

0.30

0.30

0.14

0.14

0.14

0.24

0.14

0.24

0.15

0.15

0.15

-

0.15

-

100

40

5

5

-

-

0.10

0.10

0.08

0.12

0.07

0.09

1.7

1.7

1.7

1.7

1.7

1.7

a Sodium phosphate buffer (50 mM, pH 7.0)
VSA = vinylsulphonic acid, IPA = isopropylacrylamide, PDA = piperazine
diacrylamide, MA = methacrylamide



40

the sulphonate groups led to broad and unresolved peaks (Figure 13 B). The

number of sulphonate ligands had to be decreased and a column where the

VSA:IPA ratio was 1:80 showed the best performance regarding both efficiency
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Figure 13. The effect of the composition of the
continuous bed on the separation of M.ami, Ami
and Nor. Ionic strength 12 mM, pH 2.8, 70%
ACN, Voltage 20 kV, Ld 33 cm, Ltot 57.5 cm

and resolution (Figure 13 A). By

deleting one or both functional

ligands from the monomer mixture

we showed that both ligands need

to be present to provide separation

at low pH and 70% ACN in the

mobile phase (Figure 13 A, C-E).

In CEC the ionic strength can have

different effects on the migration

time. When ion exchange

participates in the separation

process higher ionic strength will

result in lower retention. At the

same time, the EOF should

decrease due to a lower zeta

potential, which would lead to

longer migration times. On a

column where the VSA:IPA ratio

was 1:10 resolution was best at an ionic strength of 12 mM, where the balance

between ionic and hydrophobic interaction was optimal (Figure 14). When the

content of ACN was increased from 50% to 80% the retention decreased but the

resolution was comparatively uninfluenced (Fig.4 in paper V). The pH, however,

had a large impact on the separation. The elution order of amitriptyline and

nortriptyline was reversed as the pH increased (co-elution at pH 6.3) (Figure 15).

The retention of the first-eluting quaternary ammonium compound did not

change with pH. In the pH intervals studied using columns packed with ODS or

SCX, NOR always eluted before AMI and M.AMI eluted last, whereas the elution
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exactly  the opposite at low pH. A

change in the elution order between

AMI and NOR was also seen in

CZE and MEKC. With our type of

continuous beds it was possible to

use stacking to increase the amount

of injected analytes to lower the

concentration limit of detection

(CLOD). When the composition of

the analyte solvent was the same as

the mobile phase the CLOD was

about 1.3 µg/ml of the analytes. The

conductivity can be decreased by

diluting the buffer with water, but

to decrease it even more we added a

high content of an organic solvent

with a low dielectric constant,

2-propanol. With a sample

consisting of 96% 2-propanol and

with an approximate ionic strength

of 9×10-5 M it was possible to pro-

long the injection time from 0.2 to 3

minutes and the CLOD was as low

as 50 pg/ml (~1.6×10-10 M). The

retention times increased by about

50% which could be attributed to

the high viscosity of 2-propanol, the

very high voltage-drop over the

solvent plug, and the consequent
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Figure 15. The effect of pH on the elution order
of Ami and Nor. Ionic strength 12 mM, 70
%ACN, Voltage 20 kV, Ld 40 cm, Ltot 57.5 cm.

low voltage-drop over the rest of the column.
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5.4. Conclusions part two

CEC is an excellent tool in the analysis of basic drugs. One solution to the

problem of extensively tailing peaks in RP CEC is to add an aliphatic amine to

the mobile phase to act as a silanol masking agent. The more hydrophobic the

additive the higher was the influence on such parameters as retention (↓),

electroosmotic flow (EOF) (↓), asymmetry factor (↓), resolution (↓) and efficiency

(↑). That too high concentrations of the aliphatic amine cause a loss of resolution

between the analytes indicates that some interaction with the silanol groups is

essential to the separation mechanism. The additive of our choice was N,N-

dimethyloctylamine (DMOA). The best composition of the mobile phase for these

analytes was pH 2.8, 5.6 mM DMOA and 60% acetonitrile.

Silica-based strong cation exchangers (SCX) provided symmetrical peaks and

high efficiencies without any special additives to the mobile phase. The resolution

was lower than on RP columns. The EOF was high and fairly constant over the

pH range studied (2.8-7.5). The retention factors were more related to the pore

size than to the denoted surface areas of the particles. Whether this depends on

different manufacturing processes of the bare silica or different techniques to

measure pore size and area or a combination of both can not be determined

through our studies. We observed pore flow in the two large-pore materials but

the pore flow did not have any positive influence on the performance due to too

low capacity (low surface area). The best resolutions were obtained on the two

small-pore materials (high surface area). The electrochromatograms from runs on

capillaries packed with these in house-prepared SCX particles were reproducible

– even when peak sharpening or broadening were observed. The strange peak

effects, however, occurred only in three systems out of forty.

Continuous beds polymerised in situ that are covalently attached to the inner

wall of the capillary eliminate the need for supporting frits. The character of the

polymers is easy to change by using different mixtures of monomers. The best

composition of the stationary phase regarding the efficiency and selectivity for
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the test analytes (two tricyclic antidepressants and a related quaternary

ammonium compound) was when the molar ratio of the sulphonate and isopropyl

monomers was 1:80. By deleting one or both of the functional ligands from the

monomer mixture we showed that both functional ligands need to be present to

provide separation at low pH. To improve the limits of detection we used

stacking. Adding a high content of 2-propanol lowered the conductivity in the

sample zone compared to the carrying electrolyte. The electrokinetic injection

time could be prolonged from 0.2 minutes to 3.0 minutes and the limit of

detection was lowered from 1.3 µg/ml to 50 pg/ml.

6. Future studies

•  Further systematic investigation of the migration mechanisms in CEC to

isolate the chromatographic (ion exchange, hydrophobic interaction etc) and

electrophoretic contribution to the migration behaviour.

•  To study different on-line techniques for sample preconcentration in CEC

columns packed with ODS or SCX particles.

•  To apply the ITP preconcentration and CEC techniques on real samples in

drug purity determinations and bioanalysis.

•  To develop different types of continuous beds for use in the field of chip-

technology, where continuous beds have advantages over particle-filled

columns.

•  To develop the interfacing of CEC with mass spectrometry detection.
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