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General remarksGeneral remarksGeneral remarksGeneral remarks    

    

Separation technologies are indispensable tools in contemporary analytical 

chemistry, and are in the heart of modern pharmaceutical analysis in particular. 

Today, liquid chromatography (LC) in combination with UV absorbance and mass 

spectrometric (MS) detection can be considered the analytical workhorse in 

pharmaceutical industry. For many analytical queries, LC has proven to be a reliable 

and adequate technique. Nevertheless, due to increasingly stringent demands of 

regulatory authorities and the growing complexity of pharmaceutical products, there 

is a persistent need for alternative separation techniques which provide a different 

and/or improved resolution or peak capacity. This is particularly the case in drug 

impurity profiling which ideally aims at the separation and detection of all (potential) 

impurities present in a pharmaceutical sample. Impurity profiling encompasses an 

intriguing analytical challenge: relatively small amounts of impurities, which may be 

unknown and closely related to the parent drug, have to be detected, identified and 

quantified in a bulk drug substance or product. The various types of impurities present 

in drugs may originate from the materials used for drug synthesis and production, the 

method of manufacturing and product instability.  

Over the last two decades, capillary electrophoresis (CE), which combines a 

unique selectivity with a high separation efficiency and a wide applicability, has 

emerged as a powerful separation technique next to LC. In the most basic form of CE, 

separation is based on differences in electrophoretic mobility, which implies that only 

ionogenic compounds can be analyzed. Obviously, this is a drawback when 

comprehensive sample profiling is pursued. Better perspectives are offered by 

electrokinetic chromatography (EKC) which unites principles from electrophoresis 

and chromatography. In EKC, separation is based on the combined effect of 

partitioning of sample components between a solvent (aqueous or non-aqueous) and a 

pseudo-stationary phase (PSP), and the electrophoretic mobility of the analytes (when 

charged). As a consequence, both charged and neutral analytes can be analyzed 

within one run. A PSP is simply added to the CE buffer and can easily be replaced, 

offering a large flexibility concerning the separation selectivity and facilitating 

method development.  

The most common mode of EKC is micellar electrokinetic chromatography 

(MEKC), in which surfactants like sodium dodecyl sulfate (SDS) are used. In 

literature, a large number of papers can be found on the use of SDS-based MEKC for 

pharmaceutical analysis including the impurity profiling of a wide range of drug 

substances and products. Cyclodextrins (CDs) are another class of PSPs which have 

been frequently used for EKC. CDs have shown to be highly useful for drug 
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enantiomer analysis, and many applications of CD-EKC for enantio-purity analysis 

and monitoring of drug metabolism have been reported. Nowadays, in some 

pharmaceutical companies, CD-EKC is the method of choice for chiral analysis of 

drug samples because of the high enantio-resolution, the short analysis times and the 

ease of system optimization.  

Detection in CE systems is usually performed by a UV absorbance 

spectrometer with photodiode array detection. MS has gradually become an important 

technique in CE and can be a valuable tool in impurity profiling because it allows 

characterization and/or elucidation of the identity of drug compounds and impurities, 

and provides a high sensitivity. Using electrospray ionization (ESI), several CE–MS 

techniques have been developed over the last two decades, and dedicated interfaces 

are commercially available. Effective coupling of EKC systems to MS clearly would be 

highly desirable and could essentially contribute to the acceptance and establishment 

of EKC in pharmaceutical laboratories. However, coupling of EKC to MS is not 

straightforward due to the presence of non-volatile PSPs which may interfere with 

the ESI of the analytes, and cause background signals and fouling of the mass 

spectrometer.  

Until now, several approaches have been suggested to prevent interference by 

PSPs in EKC–ESI-MS. The most common of these is the partial filling technique, in 

which only a (small) part of the separation capillary is filled with background 

electrolyte (BGE) containing the PSP. This allows the analytes to be detected by MS 

before the PSP enters the ion source. Unfortunately, under the required experimental 

conditions the separation performance of these systems is strongly compromised and 

specific (and laborious) optimization is needed for each analyte. In the reverse-

migrating PSP approach for EKC–MS, the CE conditions are chosen such that the PSP 

present in a part of or in the entire capillary, has an overall electrophoretic mobility 

towards the capillary inlet, and does not enter the ion source during analysis. This 

way, adverse effects on the analyte ionization efficiency can be avoided or reduced. 

However, also with this approach separation conditions have to be modified with 

respect to the original EKC–UV conditions, which often leads to a loss of resolution. 

Other, less frequently used EKC–MS approaches include the use of high-molecular-

mass or semi-volatile surfactants to reduce the analyte ionization suppression by the 

PSP and minimize MS background signals. However, the selectivity and resolution 

provided by these micellar phases often is quite different and/or inferior with respect 

to SDS. 
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Scope and outline of the thesisScope and outline of the thesisScope and outline of the thesisScope and outline of the thesis    

    

This thesis is devoted to the coupling of EKC with MS, and its application in 

pharmaceutical analysis. Main goal of the studies was to establish efficient coupling 

methodologies without seriously adapting the EKC conditions, i.e. without 

compromising the EKC separation performance. The EKC–MS systems preferably 

should allow the use of common PSPs, such as SDS and CDs. Therefore, the focus of 

the research was on the development of MS detection for MEKC and EKC using SDS 

and CDs, respectively.  

In order to achieve the objective, several new approaches were studied. 

Firstly, the feasibility and applicability of the direct coupling of SDS-based MEKC to 

ESI-MS was investigated. That is, no attempts were made to prevent the PSP from 

entering the mass spectrometer. The second approach involved the possibility of 

circumventing analyte ionization suppression as observed in EKC–ESI-MS by 

applying an alternative ionization mode. Ionization modes like e.g. atmospheric 

pressure chemical ionization (APCI) and atmospheric pressure photoionization 

(APPI) may be less susceptible to ionization suppression by BGEs and matrix 

compounds. However, the use of these ionization modes in CE–MS and EKC–MS has 

hardly been studied so far, and their compatibility with and tolerance to PSPs have 

not been assessed. For this purpose, APPI was selected, which implied that novel 

coupling methodologies had to be developed. The third line of research concerned the 

combination of non-aqueous (NA) CD-based EKC with ESI-MS. In this case, emphasis 

was on the use of charged CDs in order to attain ‘reverse-migrating’ conditions, and, 

thus, minimize suppression by the PSP. Such an approach has been reported 

previously for coupling aqueous EKC and ESI-MS, but so far it had not been explored 

for NAEKC–MS. NAEKC can be attractive as it provides a different selectivity than 

aqueous EKC. Moreover, with NAEKC solubility problems which may occur when 

using aqueous solvents, can be overcome. This may be particularly important in drug 

impurity profiling where dissolving the bulk drug and/or specific impurities can be 

problematic. 

In all studies particular attention was devoted to the effect of the PSP on the 

interface performance, background mass spectra, analyte ionization efficiencies and 

system stability. The sensitivities and limits of detection were evaluated. In order to 

demonstrate the applicability of the developed methods, relevant drug samples 

containing impurities at relevant levels (0.1% m/m) were analyzed. Furthermore, the 

capability to elucidate or confirm the identity of low-level impurities using MS/MS 

spectra acquired under EKC–MS conditions was extensively evaluated.  
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Chapter 2Chapter 2Chapter 2Chapter 2 presents an overview of the EKC–MS systems that have been 

reported in literature. Attention is paid to the fundamental aspects of coupling EKC 

and MS, and a distinction between coupling principles is made. The system 

characteristics of each approach are outlined. Advantages and limitations of the 

various reported systems and approaches are discussed and typical examples are 

shown. 

In Chapter 3Chapter 3Chapter 3Chapter 3, several pressure and voltage-driven infusion methods for the 

determination of BGE effects on analyte signals in sheath-liquid-based CE–MS are 

studied and compared. The methods have been evaluated using volatile and non-

volatile BGEs with and without PSPs. It is shown that voltage-induced infusion can 

provide the most relevant information, but only if electrophoretic-mobility effects on 

the analyte signal are taken into account. The proposed method enables appropriate 

comparison of the actual ionization suppression by BGEs in CE–MS.   

In Chapter 4Chapter 4Chapter 4Chapter 4, the feasibility of directly coupling MEKC to ESI-MS without 

preventing the micelles from entering the ion source, is investigated. In Section 4.1Section 4.1Section 4.1Section 4.1,,,, 

the effect of SDS and buffer salts on the ionization efficiency of the model drug 

mebeverine is studied, and their effect on the long-term MS-performance is 

established. The sensitivity of the MEKC–MS method is evaluated by the analysis of a 

drug sample containing impurities at the 0.1%-level. The possibility of acquiring 

MS/MS spectra of low-level impurities is studied. In SectiSectiSectiSection 4.2on 4.2on 4.2on 4.2, the applicability of 

the MEKC–ESI-MS system is investigated by the impurity profiling of galantamine 

and ipratropium samples. Impurities indicated by MEKC–UV could be detected by 

MEKC–ESI-MS/MS as well, providing useful spectra which allowed the 

characterization of galantamine impurities. MEKC–ESI-MS/MS of a heat-stressed 

ipratropium sample revealed a number of degradation products. The presented 

method shows good potential for the detection and structure elucidation of minor 

impurities in drug substances. 

Chapter 5 Chapter 5 Chapter 5 Chapter 5 discusses the set-up, evaluation and application of APPI-MS 

detection in CE and MEKC. Section 5.1Section 5.1Section 5.1Section 5.1 reports on the on-line coupling of CE and MS 

via APPI. The design of a CE–MS system using an APPI source is outlined, and 

various parameters like sheath liquid composition, and ion source and MS settings are 

optimized. Also the potential of analyte ionization enhancing intermediates (dopants) 

for the analysis of basic and neutral compounds is studied. The tolerance of APPI-MS 

towards non-volatile BGE constituents like phosphate buffer salts is thoroughly 

investigated. CE–APPI-MS of mixtures of basic drugs using volatile and non-volatile 

BGEs is performed. In Section 5.2Section 5.2Section 5.2Section 5.2, the usefulness of the CE–APPI-MS interface for 

combining MEKC and MS is evaluated. A thorough study on the effect of surfactants 

on the mass spectra, the analyte ionization efficiency and long-term system stability is 
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performed. The applicability of the MEKC–APPI-MS system is demonstrated by the 

impurity profiling of a mebeverine sample containing both basic and neutral 

impurities.  

In Chapter 6Chapter 6Chapter 6Chapter 6,,,, the use of anionic and cationic CDs for NAEKC–MS of basic and 

acidic drugs is evaluated, with special attention for the (enantio)selectivity provided 

by the CDs. In Section 6.1Section 6.1Section 6.1Section 6.1, a system with anionic single-isomeric CDs for analysis of 

basic compounds is set up. The effect of the applied CDs on the ESI efficiency of basic 

compounds is studied, and also the effect of the CD counter ions on the mass spectra 

and analyte ionization, is examined. In Section 6.Section 6.Section 6.Section 6.2222, the use of various neutral and 

anionic CDs is compared for the separation of a drug test mixture. The applicability of 

the developed NAEKC–ESI-MS system is further illustrated by the impurity profiling 

of the drug substance amiodarone. The potential and limitations of NAEKC–UV and 

NAEKC–MS systems are discussed, and attention is paid to selectivity, detection 

sensitivity, and identification of unknown impurities. Section 6.3Section 6.3Section 6.3Section 6.3 discusses the 

application of NAEKC–ESI-MS using anionic CDs for the enantioselective analysis of 

salbutamol in urine. NAEKC–UV and NAEKC–MS are compared with respect to 

resolution and the limit of detection. Section 6.4Section 6.4Section 6.4Section 6.4 describes the set-up of a NAEKC–

ESI-MS system using cationic single-isomer CDs for the analysis of acidic drugs and 

their enantiomers. A reversed electro-osmotic flow (EOF) occurs as a result of the 

negative CE voltage. The feasibility of neutral coated capillaries for elimination of the 

EOF, and the use of pressurized-EKC to compensate for the cathodic EOF, were 

studied. Analytes were detected in the negative-ion mode, and the effect of the sheath 

liquid composition on the analyte ionization efficiency and the compatibility with the 

separation system were evaluated. The potential of the developed systems is evaluated 

using test mixtures containing chiral and non-chiral compounds. 

Chapter 7Chapter 7Chapter 7Chapter 7 provides some general conclusions and comments on the developed 

EKC–MS systems. Also future perspectives and recommendations are presented. 
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IntroductionIntroductionIntroductionIntroduction    

 

During the last decade, capillary electrophoresis (CE) has emerged as a highly 

efficient and viable separation technique, providing various modes of separation. In 

capillary zone electrophoresis (CZE) the capillary is filled with a buffer only, and 

separation is merely based on differences in electrophoretic mobility. This means that 

only charged compounds can be separated. This drawback was overcome by the 

introduction of electrokinetic chromatography (EKC) in which charged pseudo-

stationary phases (PSPs) are added to the separation buffer. Analytes can differentially 

partition between the aqueous buffer and the PSP, and due to the difference in 

velocity between the two phases, neutral compounds can be separated as well. 

Meanwhile, EKC has proven to be a versatile and powerful separation technique 

because of its high separation performance, ability to separate both charged and 

neutral analytes, the low consumption of sample and background electrolyte (BGE), 

the ease of system optimization and the wide choice of PSPs. For these and other 

reasons, EKC has been widely applied in various application fields. 

The most common detection technique in EKC is on-column UV absorbance 

detection, which provides a large applicability, as most organic compounds absorb UV 

radiation. UV detection is straightforward and easy to implement, and very useful for 

quantitative purposes. An important drawback is its rather low concentration 

sensitivity, caused by the small optical path length provided by the capillary diameter. 

Moreover, the selectivity of UV detection is very limited, and it hardly gives 

structural information on analytes, even when diode-array detection (DAD) is used. 

Mass spectrometry (MS) is a highly selective and sensitive spectrometric technique 

that can be used for analyte characterization and identification purposes. Over the 

years, effective coupling methodologies based on electrospray ionization (ESI) have 

been developed to combine CE and MS [1]. The coupling of EKC with MS clearly 

would be very beneficial, resulting in a powerful analytical system combining 

efficient separation with mass-selective and structure-elucidative detection. However, 

common EKC methods frequently involve the use of non-volatile PSPs and buffer 

salts, such as sodiumdodecyl sulfate (SDS), cyclodextrins and sodium phosphate, 

which are (often considered to be) incompatible with MS detection using electrospray 

ionization (ESI). These constituents may cause analyte ion suppression, background 

signals and contamination of the ion source and optics. In order to circumvent these 

compatibility problems, various EKC–MS approaches have been proposed. The most 

often applied approach so far is the so-called partial-filling technique, in which the 

PSP is prevented from entering the ion source of the mass spectrometer. Other 

approaches include the use of special PSPs, like reverse-migrating or high-molecular-
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weight surfactants, and (semi-)volatile surfactants. Particular ionization techniques 

like atmospheric pressure chemical ionization (APCI) and photoionization (APPI) 

have also been applied for EKC–MS. 

In this chapter, an overview of the EKC–MS systems reported in literature 

will be presented with an emphasis on the applied methodology. In the first part of 

the chapter, the methods in which the PSPs are prevented from entering the ion 

source and mass spectrometer are discussed, distinguishing between partial-filling 

approaches, reverse-migrating phases and phase removal systems. All EKC–MS 

methods in which PSPs are used with an apparent mobility towards the inlet of the 

capillary, are treated under the heading “reverse-migrating phases”, although some of 

these are combined with partial-filling schemes. The second part of the chapter 

discusses the methodology in which the PSPs are directly introduced into the ion 

source of the mass spectrometer without taking special precautions. The different 

types of PSPs used in this approach (micellar phases, cyclodextrins, semi-volatile 

surfactants and high-molecular-weight surfactants) are discussed in separate sections. 

The off-line coupling of EKC and MS is also shortly described. Before discussing the 

various EKC−MS modes, first some basic information on the interfacing of CE with 

MS is provided. 

 

 

Interfacing CE and MSInterfacing CE and MSInterfacing CE and MSInterfacing CE and MS    

Over the last two decades MS has developed into an indispensable detection 

technique in separation sciences. Since the introduction of CE in the eighties, quite 

some efforts have been made in developing coupling technologies for CE–MS. MS 

detection in CE allows assigning a mass label to (unknown) peaks and also enables 

reliable cross-correlation with results obtained with other techniques like e.g. liquid 

chromatography (LC)−MS. Furthermore, compounds which are not (fully) separated 

can be resolved by MS when they exhibit different (pseudo-)molecular masses. 

Finally, identification and structure elucidation of unknown compounds is possible by 

carrying out MS/MS experiments on separated compounds.  

Coupling of CE and MS is somewhat less straightforward than combining LC 

and MS. CE requires a high voltage to be applied across the separation capillary, and 

so in any CE–MS set-up a closed electric circuit has to be achieved in order to allow 

proper CE. Commonly, the terminating voltage would be applied via an outlet buffer 

vial which, however, in a CE–MS set-up is omitted as the capillary outlet has to be 

connected to the ion source of the mass spectrometer. Therefore, some other means to 

achieve an electric contact at the end of the CE capillary is required. In CE–MS two 

main approaches for solving this problem can be discerned [1,2]. In the first and 
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mostly used set-up, the voltage is indirectly applied to the CE-buffer leaving the 

outlet of the capillary by using a so-called sheath liquid. In a sheath liquid interface 

the separation capillary is surrounded by a second tube of larger diameter in a coaxial 

setting (Fig. 1). The conductive sheath liquid, to which the CE terminating voltage is 

applied, is administered via this outer tube and merges with the CE effluent at the 

outlet of the capillary. Usually, a gas flow is administered via a third coaxial capillary 

in order to facilitate spray formation into the ESI source. The sheath liquid flow rate 

typically is in the range of 2-15 μl/min, allowing the use of a conventional ESI source. 

In the second approach for coupling CE and MS the terminating CE voltage is 

directly applied to the CE buffer (referred to as sheathless interfacing). This is often 

achieved by bringing a conductive metal, polymeric or carbon coating on the outside 

of the tip of the capillary end that is usually tapered  [1,2]. The CE buffer partly wets 

the conductive coating to which the CE voltage is applied providing electrical contact. 

Another way of making a closed circuit is by insertion of a metal micro-electrode 

through the capillary wall into the CE buffer or by direct introduction of a micro-

electrode into the end of the CE capillary. In combination with nanospray ion 

sources, this type of interfacing can provide efficient ionization and ion sampling and, 

thus, in principle higher sensitivities than obtained with a sheath-liquid interface. So 

far, however, for on-line EKC–MS, only sheath-flow interfaces have been used. This 

Fig. 1. (a) CE–ESI-MS coaxial sheath flow interface and (b) CE–MS sprayer tip. The spray needle is held 

at ground and the sheath liquid provides electrical contact to the CE capillary. Reproduced from [2], with 

permission. 
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is probably due to the fact that sheath-liquid interfaces are more robust and easier to 

use. Another advantage is that the interfacing is independent from the magnitude of 

the electroosmotic flow (EOF) of the CE system. 

Commonly ESI is used in CE–MS and EKC–MS, but also atmospheric pressure 

chemical ionization (APCI) and, more recently, atmospheric pressure photoionization 

(APPI) have been introduced as alternative ionization modes. The generation of ions 

in ESI from an LC or CE effluent is accomplished by applying an electric field of 3-5 

kV between the spray tip of the interface and the orifice of the MS instrument. The 

droplets in the spray gradually decrease in size due to evaporation of the solvent and 

coulombic fissions, finally resulting in a release of the charged analyte. This process is 

can be easily disturbed by the presence of other ions, like buffer or surfactant 

molecules in the solvent. 

In APCI, the ionization of analytes occurs via a gas phase reaction induced by 

a corona needle discharge, while in APPI the analytes are (sometimes indirectly) 

ionized by photons emitted by a gas discharge lamp. Analyte ionization in APCI and 

APPI is most efficient in the gas phase, and therefore the LC or CE effluent is sprayed 

into a heated vaporizer chamber and evaporated prior to analyte ionization. Both 

APCI and APPI are suitable for ionization of less polar compounds which are not 

amenable to ESI. APCI and APPI are also less susceptible to analyte ion suppression 

by non-volatile buffer additives than ESI.  

CE has also been coupled to matrix-assisted laser desorption ionization 

(MALDI-TOF-MS) in an off-line fashion. In order to apply MALDI, the CE-effluent 

first has to be spotted in a matrix on a target plate. This matrix transfers the energy 

emitted by a laser beam to the analyte, facilitating analyte ionization. MALDI is more 

tolerant to the presence of non-volatiles. An important drawback of this approach is 

the loss of resolution in the separation obtained with EKC during the deposition step.  

Different types of mass analyzers are available nowadays of which the (triple-

)quadrupole ((Qq)Q), time-of-flight (TOF) and ion-trap (IT) are the most common. IT 

and QqQ instruments both provide high sensitivity with the ability to obtain detailed 

structural information for unknown compounds at relatively low costs. Disadvantage 

of these mass analysers, especially with respect to the fast and highly efficient CE 

separations, are the low or medium acquisition rates for QqQ and IT, respectively. 

The TOF analyzer overcomes this problem by the short times required to generate a 

mass spectrum, however, it does not provide MS/MS possibilies. Additional 

advantages of TOF are the high mass-resolution, extended mass range and high 

sensitivity. MS/MS experiments can be performed with a quadrupole-time-of-flight 

MS (Q-TOF), however, its relatively high price still hampers the wide 

implementation within CE–MS. 
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OnOnOnOn----line EKCline EKCline EKCline EKC––––MS without introducing the pseudoMS without introducing the pseudoMS without introducing the pseudoMS without introducing the pseudo----stationary phase into the mass stationary phase into the mass stationary phase into the mass stationary phase into the mass 

spectrometerspectrometerspectrometerspectrometer    

 

Partial-filling approaches 
The most common approach in EKC–MS to prevent the PSP from entering the 

ion source, is the so-called partial-filling (PF) technique. In normal EKC the whole 

capillary is equally filled with BGE containing the PSP. In PF-EKC only the first part 

of the capillary is filled with the BGE containing the PSP, while the rest of the 

capillary contains the BGE without PSP. After injection the analytes will migrate in 

the zone containing the PSP and separate according the same mechanism as in normal 

EKC. After passing the zone boundary, analytes migrate through the buffer zone 

towards the ion source of the mass spectrometer. The separation voltage is switched 

off before the PSP reaches the detector allowing interference free EKC runs to be 

recorded. As non-volatile buffer salts would cause ion suppression, volatile buffers 

like ammonium formate and acetate have to be used as BGE in PF-EKC–MS. Several 

types of PSPs, such as micelles, cyclodextrins and polymers, have been applied in PF-

EKC–MS. An overview of these applications is given in Table 1 and some examples 

are discussed in more detail in the following sections. 

  

Micellar phases 

In PF-EKC–MS several micelle forming surfactants like SDS and various bile 

salts have been applied. Several authors have demonstrated the potential of this 

approach [3-12]. They showed that on-line EKC−MS with partial filling allowed 

effective ionization and detection of the analytes: no analyte signal reduction by ion 

suppression and no background signals by surfactant molecules were observed. A 

typical example of PF-MEKC–MS analysis is shown in Figure 2 [3].  A mixture of 

triazine herbicides was analyzed by normal MEKC–UV (Fig. 2A), PF-MEKC–UV (Fig. 

2B) and PF-MEKC–MS (Fig. 2C) using a background electrolyte of 20 mM ammonium 

acetate (pH 6.8) and 25 mM SDS. In PF-MEKC a significant loss of separation 

efficiency was observed when compared to normal MEKC (Figs. 2 A and B). All 

herbicides were detected by ESI-MS without interference of surfactants in the 

ionization process, however, it is obvious that the PF-MEKC separation further 

deteriorated. Nelson and Lee [13] studied common and PF-MEKC–UV in more detail 

and they also found that when in PF-MEKC identical surfactant concentrations are 

used as in normal MEKC, the resolution and separation window quite dramatically 

decrease.  

Selection of proper separation conditions is essential in PF-MEKC. To 

optimize the separation of a mixture of drugs using PF-MEKC, Stubberud et al. [4] 
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used a chemometric approach based on a factorial design. In this way the SDS 

concentration, acetonitrile concentration and plug length of the SDS zone were 

determined that gave appropiate peak symmetry and resolution. The optimum PF-

MEKC system comprised a BGE of 40 mM boric acid (pH 10.0) and 14.5% acetonitrile, 

and a surfactant zone length of 8 cm of BGE containing 35 mM SDS and 9% 

acetonitrile, and allowed efficient ESI-MS. 

Fig. 2. MEKC of a mixture of (1) atrazine, (2) propazine, (3) ametryne, (4) prometryne and (5) quinine 

hydrochloride (micellar marker). (A) conventional on-line MEKC–UV and (B) partial-filling MEKC–UV, 

and (C) partial-filling MEKC–MS. BGE: 20 mM ammonium acetate (pH 6.8) and 25 mM SDS. 

Reproduced from [3], with permission. 
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Some authors used mixed micellar systems to enhance the separation when 

performing PF-MEKC–MS [5-7]. Amundsen et al. [5] reported the use of a 3.5-cm 

plug of 1.1 mM sodium taurocholate and 29.3 mM SDS in 18.7 mM ammonium 

acetate (pH 9.5). These conditions allowed the separation and selective detection of 

anabolic steroids by PF-MEKC–MS. PF-MEKC–MS using cholic acid and deoxycholic 

acid (bile salts) was reported for the separation and selective detection of N-acyl-L-

homoserine lactones [6]. However, it appeared that despite partial filling (40% of the 

capillary length), a small part of deoxycholic acid co-migrated with the EOF, causing a 

serious loss in analyte signals due to ion suppression.    

The problem of surfactant monomers migrating outside the PSP zone was 

studied in more detail by Muijselaar et al. [8]. They demonstrated that during PF-

MEKC using SDS, micelles in the boundary zone gradually break down and migrate as 

surfactant monomers through the BGE zone. Since the electrophoretic mobility 

towards the anode of the SDS molecules is lower than the SDS micelles, the SDS 

molecules will reach the detector earlier than the actual micellar zone. To prevent 

this, only relatively short plug lengths of BGE with SDS can be injected. 

Consequently, the separation window and resolution in PF-MEKC–MS are strongly 

reduced in comparison to common MEKC.  

PF-MEKC–MS also causes some additional peak broadening which is mainly 

caused by the presence of two zones in the capillary (i.e. with and without the PSP). 

Due to the difference in ionic strength and/or viscosity in the two zones, the intrinsic 

EOF in the separate zones will be of different magnitude. This phenomenon is 

enhanced by the fact that the electric field strengths in the separate zones is not the 

same because the zones exhibit different conductivities. As a result, hydrostatic 

pressures and laminar flows are generated in the capillary which result in additional 

band broadening [14]. The transfer of analyte out of the PSP zone into the BGE zone 

also causes extra band broadening, especially when a high concentration of PSP is 

used. Some authors conclude that in order to achieve sufficient separation power and 

limit peak broadening, it is best to apply a long plug with a relatively low 

concentration of PSP [5,8,9].   

 

Cyclodextrins 

Over the past years, chiral separations by EKC have gained a lot of attention 

because EKC allows rapid method development and only requires small amounts of 

(often expensive) chiral selectors. By far the most used chiral selector in CE are the 

cyclodextrins (CDs) which nowadays are available in a wide range of neutral and 

charged varieties. Since CDs, being non-volatile, can negatively affect the ionization 

process during MS detection, the PF approach is commonly used in CD/EKC–MS 
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when neutral CDs are applied for the separation of charged analytes [15-20]. Also 

charged CDs have been used in a partial filling setting, however, in these systems the 

overall mobility of the CDs is towards the capillary inlet (i.e. reverse migrating) and 

therefore will be discussed in the ‘reverse-migrating phases’ section. 

In PF-CD/EKC–MS using neutral CDs, the EOF is often reduced by using an 

acidic BGE and/or a neutrally coated capillary so that the selectors are (almost) 

stationary during analysis. In such a system it is obviously essential that the chiral 

analytes are charged in order to achieve their migration towards the ion source. A 

typical example of PF-CD/EKC–MS is the separation of amphetamines (incl. their 

enantiomers) using HP-β-CD in a neutrally coated capillary [15]. Filling 90% of the 

separation capillary with 40 mM ammonium formate (pH 3) containing 24 mg/ml HP-

β-CD led to a rapid and baseline enantioseparation of five amphetamines (Fig. 3). 

Partial filling prevented contamination of the MS ion source by the neutral CD. Grard 

et al. [16] used PF-CD/EKC–MS for the enantioseparation and selective detection of 

an adrenoreceptor antagonist. Baseline separation and MS detection were achieved 

after optimizing the CD concentration in and the length of the selector zone. For a 

given zone length containing the selector HP-β-CD, the resolution of the two 

enantiomers increased with an increasing concentration of HP-β-CD, whereas the 

S/N-ratio in the MS signal, as observed in the extracted ion traces, decreased. No 

Fig. 3. CE–ESI-MS enantioseparation of amphetamines using a background electrolyte of 40 mM 

ammonium formate (pH 3.0) containing 24 mg HP-β-CD in a PVA-coated capillary. Reproduced from 

[15], with permission. 
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signals originating from the CDs were observed in the recorded MS spectra. A good 

compromise between enantioresolution and MS sensitivity was obtained with a 

selector zone length of 80% of the separation capillary and a concentration of 10 mM 

HP-β-CD, yielding limits of detection for the adrenoreceptor antagonist enantiomers 

of 5 ng/ml. In another PF-CD/EKC–MS study, Rudaz et al. [17] used a full-factorial 

design to optimize the concentration and length of the selector zone for the 

separation and MS detection of drugs. They also found that the magnitude of the 

nebulizing gas pressure had a negative effect on the enantioseparation. With an 

increasing nebulizing gas pressure, the analysis time and the resolution between the 

drug enantiomers decreased. This can be explained by the fact that the nebulizing gas 

flow causes a local underpressure at the outlet of the capillary creating a 

hydrodynamic (i.e. laminar) flow in the capillary which causes extra band 

broadening. 

Tanaka et al. [18] demonstrated the feasibility of the PF-CD/EKC–MS 

approach in the reversed-polarity mode. Enantioseparation of the anionic 

camphorsulfonic acid was obtained using a capillary filling of 69 % with a BGE of 40 

mM ammonium acetate (pH 4.0) and 50 mM DM-β-CD. Both enantiomers were 

separated and detected in the MS while no signals caused by the CDs were observed. 

  

Other phases 

Other PSPs used for PF-EKC−MS are butyl acrylate-butyl methacrylate-

methacrylic acid copolymer (BBMA) [21], sucrose monododecanoate [22] and 

poly(sodium undecylenic sulfate) (Poly-SUS) [23]. The critical micelle concentration 

of the high-molecular-weight additive BBMA was found to be effectively zero which 

implies that even in applications with low concentrations of BBMA, micellar 

interactions and separations can be obtained [21]. Separation with BBMA exhibited 

high separation efficiency for naphthalene derivatives and caffeine and its 

metabolites, and a significantly different selectivity when compared to SDS. Due to its 

high molecular weight (ca. 40 kD), BBMA does not cause intense signals within the 

mass range of the analytes, however, BBMA still yields a significant suppression of the 

analyte ionization. For this reason, the PF approach was used for the EKC–MS 

analysis of caffeine and its metabolites using 2% BBMA in a BGE containing 20 mM 

ammonium formate (pH 7). Four out of five compounds could be detected in MS, 

however, the last migrating compound could not be detected because of a decrease of 

detectability caused by the co-elution of the compound with the BBMA zone. 

Furthermore, the resolution and efficiency obtained in PF-MEKC–UV was strongly 

reduced when the method was transferred to MS detection. 



Table 1. EKC–MS using partial-filling methods 

Analytes Background electrolytea Capillaryb MS conditionsc Remarkd Ref 

 micelles     

Anabolic androgenic steroids 29.3 mM SDS, 1.1 mM sodium 

taurocholate, 18.7 mM NH4Ac (pH 9.5) 

80 cm; 50 μm ID ESI-QqQ-MS  5 

Iridoid glycosides 100 mM SDS, 20 mM NH4Ac (pH 9.2) 80 cm; 50 μm ID ESI-IT-MS  11,12 

Codeine, ibuprofen, amides 35 mM SDS, 40 mM H3BO3 (pH 10.0) 102 cm; 50 μm ID ESI-Q-MS Experimental designs for 

optimization 

4 

corticosteroids 5-10 mM SDS, 10 mM sodium cholate, 9 

mM NH4Ac (pH 9) 

83 cm ESI-IT-MS Mixed micelle system 7 

Triazine herbicides 25 mM SDS, 20 mM NH4Ac (pH 6.8) 45 cm; 50 μm ID ESI-QqQ-MS  3 

Codeine, ibuprofen and 

degradation products 

17 mM SDS, 40 mM NH4Ac (pH 10) 100 cm; 50 μm ID ESI-Q-MS  9 

N-acyl-L-homoserine lactones 20 mM deoxycholic acid, 20 mM NH4Ac 

(pH 9.2) 

80 cm; 75 μm ID ESI-IT-MS Analysis of microbial extract 6 

Drugs, caffeine, ethenzamide 25 mM SDS, 20 mM NH4Ac (pH 10) 100 cm; 50 μm ID APCI-QqQ-MS  8 

N-methylcarbamate pesticides 20, 40 mM SDS, 20 mM NH4Ac (pH 9.0) 88 cm; 50 μm ID ESI-IT-MS Comparison of PF and RM 

approach in MEKC–MS 

10 

 

 cyclodextrins 

    

Adrenoreceptor antagonist 10 mM HP-β-CD, 50 mM NH4formate 

(pH 4) 

70 cm; 50 μm ID ESI-QqQ-MS  16 

Bupivacaine and ropivacaine 100 mg/ml M-β-CD, 50 mM HAc-acetate 

(pH 3.0) 

75 cm; 50 μm ID; 

PVA-coated 

ESI-QqQ-MS  19 

Camphorsulfonic acid 50 mM DM-β-CD, 40 mM NH4formate 

(pH 4.0) 

80 cm; 50 μm ID; 

PAA-coated 

IS-QqQ-MS (NIM)  18 

Clenbuterol and salbutamol 40 mM DM-β-CD, 10 mM NH4Ac (pH 

2.5) 

64.5 cm; 50 μm ID ESI-QqQ-MS  20 

Drugs 18 mg/ml HP-β-CD, 20 mM NH4Ac (pH 

4.0) 

57 cm; 50 μm; PVA-

coated 

ESI-Q-MS  17 



Venlafaxine+metabolites, tropane 

alkaloids 

24 mg/ml HP-β-CD, 40 mM NH4formate 

(pH 3) 

70 cm; 50 μm ID; 

PVA-coated 

ESI-Q-MS  15 

      

 other pseudo-stationary phases     

Caffeine, naphthalenes 1% BBMA, 20 mM NH4formate (pH 7) 50 cm; 50 μm ID ESI-Q-MS  21 

Caffeine, pentoxifyllines 0.3% Poly-SUS, 10mM NH4Ac (pH 9.5) 88 cm; 50 μm ID ESI-IT-MS  23 

Peptides 100 mM sucrose monododecanoate, 30 

mM NH4formate (pH 3) 

100 cm; 50 μm ID ESI-Q-MS (SIM) Nonionic surfactant 22 

Salbutamol, nortriptyline, 

diphenhydramine 

0.22;0.44 mg/ml nanoparticles, 25mM 

ammonium  carbonate (pH 8.2) 

75 cm; 50 μm ID ESI-IT-MS Interference by nanoparticle 

contaminants 

24 

a NH4Ac, ammonium acetate; CD, cyclodextrin; HP-β-CD, hydroxypropyl-β-cyclodextrin; M-β-CD, methyl-β-cyclodextrin; DM-β-CD, dimethyl-β-cyclodextrin; 

BBMA, butyl acrylate-butyl methacrylate-methacrylic acid copolymer sodium salt; Poly-SUS, poly(sodium undecylenic sulfate).   
b ID, inner diameter; PVA, polyvinylalcohol; PAA, polyacrylamide;  
c ESI, electrospray ionization; QqQ, triple-quadrupole; IT, ion trap; Q, quadrupole; NIM, negative ion mode; SIM, selected ion mode. 

d PF, partial-filling; RM, reverse-migrating. 
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Use of poly-SUS as a buffer additive in PF-EKC−MS was shown to be 

sufficient for an efficient separation and sensitive detection of a mixture of caffeine 

and two structure analogues [23]. Poly-SUS was added to a BGE consisting of 10 mM 

ammonium acetate (pH 9.5) at a concentration of 0.3% (w/v) and was injected for 60 s 

at 10 kV. Sucrose monododecanoate, which was used as a non-ionic micellar agent in 

EKC for the separation of peptides, was shown to strongly suppress the ionization of 

the analytes when introduced directly into the ESI source [22]. However, by applying 

PF-MEKC–MS under acidic conditions, the analytes could be separated in the zone 

(ca. 18% of capillary) containing 100 mM of the surfactant and subsequently detected 

by ESI-MS without interference of the surfactant. 

An interesting alternative EKC–MS method was presented by Viberg et al. 

[24] who used polymer nanoparticles as a PSP for the separation of amines. Although 

considered being a mode of capillary electrochromatography (CEC) by the authors, in 

fact this method involves EKC as the nanoparticles were suspended in the BGE. 

During direct introduction of the nanoparticles into the ion source, a strong decrease 

in analyte signals was observed due to the strong interaction of the analyte and the 

particles. However, in the PF mode using an injection of 10-160 s (at 50 mbar) and a 

particle concentration of 2.5 or 10 mg/ml, analyte signals could be detected in the 

mass spectrum. It should be noted that contaminants, which probably originate from 

the particles, also caused significant signals in the recorded mass spectra. 

 
Reverse-migrating phases 

An elegant way to prevent the PSPs from entering the MS is the use of so-

called reverse-migrating (RM) phases. In this approach, conditions are chosen such 

that the apparent mobility of the PSP is towards the capillary inlet and, thus, will not 

reach the capillary outlet. Most commonly this is achieved by using negatively 

charged PSPs in a system with reduced EOF. EOF reduction is accomplished by using 

neutrally coated capillaries or by using a low-pH BGE. Neutrally coated capillaries can 

be used only for positively charged analytes in order to ensure an apparent analyte 

mobility towards the detector. With a low EOF obtained by reducing the BGE pH, 

neutral analytes in principle can also be detected when their affinity to the selector is 

not too strong and the EOF is still significant. Application of RM phases in EKC–MS 

have been demonstrated with micellar phases (SDS) [6,10,25-27], charged 

cyclodextrins [15,17,27-31] and other (chiral) selectors [18,27,32,33]. Table 2 gives an 

overview of the use of RM phases. 
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Micellar phases 

The first paper about on-line MEKC−ESI-MS using RM micelles (SDS) was 

published in 1997 by Yang et al. [25]. In this paper, it was shown that the effective 

mobility of the SDS micelles was equal (but oppositely directed) to the EOF at about 

pH 6.0. The effective mobility of the SDS micelles did not significantly change 

between pH 5 and 9, whereas the EOF strongly increased with increasing pH. During 

on-line MEKC–MS using a BGE with pH 5.9, no SDS micelles appeared to enter the 

MS after fully filling the capillary with the BGE containing 15 mM SDS [25]. The 

feasibility of the approach was demonstrated by the separation of chlorotriazine 

herbicides and barbiturates which were detected in positive and negative ion mode, 

respectively, without interference by the surfactants. It should be noted that at pH 5.9 

the analysis times became considerably increased, particularly for analytes with 

relatively strong interaction with the SDS micelles. 

Isoo et al. [26] applied the RM principle for EKC−APCI-MS using an acidic 

BGE (pH 2.2). Because the EOF is strongly reduced at this pH, the liquid flow 

entering the ion source is very low and the CE–MS system can become unstable. 

Therefore, the authors applied a small pressure of 5 mbar on the inlet vial during the 

analyses inducing a small extra flow towards the detector. The applicability of the 

system was illustrated by the EKC−MS analysis of environmental pollutants which 

could be separated and detected without experiencing interferences of SDS. After 

analyte sweeping, in which a concentration factor of up to 700 could be achieved, the 

LOD typically was ca. 0.2 ppm.  

Molina et al. [10] compared the PF and RM approach for the EKC–MS analysis 

of pesticides using SDS micelles. For PF-MEKC−MS using a BGE of 20 mM 

ammonium acetate (pH 9.0), a good separation was obtained, but the stability of the 

electrospray was rather poor. For the RM EKC–MS using a BGE of 10 mM ammonium 

acetate (pH 5.0) MS detection was more stable, however, some analytes could not be 

detected because they did not elute from the capillary due to the very low EOF (Fig. 

4A). Using anionic polymer-coated capillaries, which provide a low but significant 

EOF in combination with an ammonium acetate buffer (pH 8.5), all pesticides from 

the test mixture could be successfully separated and detected by MS (Fig. 4B). This 

example nicely shows the potential of RM EKC–MS, but also indicates that proper 

optimization of the BGE and EOF is pivotal to be successful. 

  

Charged cyclodextrins 

Veuthey and co-workers [15,28,29] have discussed the use of RM CDs in PF-

EKC–MS applying capillaries coated with poly vinyl alcohol (PVA). Negatively 

charged     CDs    (carboxymethyl-β-CD    (CM-β-CD),      sulphated-β-CD     (S-β-CD), 



Table 2. EKC–MS using reverse-migrating pseudo-stationary phases 

Analytes Background electrolytea Capillaryb MS conditionsc Remark Ref 

 micelles     

Chlorotriazine herbicides 

and barbiturates 

15 mM SDS, 10 mM NH4Ac (pH 5.9) 50 μm ID ESI-MS  25 

Dialkyl phthalates, organic 

amines 

50 mM SDS, 30 mM phosphate (pH 2.2) 80 cm; 50 μm ID APCI-Q-MS Sweeping for analyte 

preconcentration 

26 

Drugs 20 mM SDS, 40 mM NH4Ac (pH 6.0) 80 cm; 50 μm ID ESI-QqQ-MS  27 

N-acyl-L-homoserine 

lactones 

10 mM SDS, 10 mM NH4Ac (pH 6.0) 80 cm; 75 μm ID ESI-IT-MS  6 

Pesticides 10 mM SDS, 10 mM NH4Ac (pH 5.0) 88 cm; 50 μm ID ESI-IT-MS  10 

Pesticides 10 mM SDS, 10 mM NH4Ac (pH 8.5) 88 cm; 50 μm ID; 

AMPS-coated 

ESI-IT-MS  10 

Tamoxifen analogues and 

metabolites 

7 mM SDS, 2.5 mM NH4Ac/50 mM HAc 

in MeOH 

100 cm; 100 μm ID ESI-Q-MS  49 

 

 cyclodextrins 

    

Amphetamines and 

methadone 

1 mg/ml CM-β-CD, 40 mM NH4formate 

(pH 3) 

70 cm; 50 μm ID; 

PVA-coated 

ESI-Q-MS  15 

Bupivacaine, mepivacaine, 

ketamine, prilocaine 

6 mg/ml S-β-CD, NH4Ac (pH 3) 48.5 cm; 50 μm ID; 

PVA-coated 

ESI-Q-MS (SIM)  29 

Drugs 0.25 mg/ml CM-β-CD, 20 mM NH4Ac (pH 

4.0) 

57 cm; 50 μm; PVA-

coated 

ESI-Q-MS  17 

Drugs 0.4 mg/ml SBE-β-CD, 20 mM NH4Ac (pH 

4.0) 

57 cm; 50 μm; PVA-

coated 

ESI-Q-MS  17 

Methadone, fluoxetine, 

venlafaxine, tramadol 

2% HS-γ-CD, 30 mM NH4 formate (pH 

2.5) 

64.5 cm; 50 μm ID ESI-QqQ-MS (SIM) Infinite enantioresolution for 

high concentration CD 

31 

Tropic acid, aryl propionic 

acid 

5 mM QA-β-CD, 40 mM NH4Ac (pH 5.0) 80 cm; 50 μm ID; 

PAA-coated 

ESI-QqQ-MS (NIM)  18 



Tramadol and metabolites 2.5 mg/ml SBE-β-CD, 40 mM NH4Ac (pH 

4) 

70 cm; 50 μm ID; 

PVA-coated 

ESI-Q-MS Experimental designs for 

optimization 

28 

Tropic acid 8 mg/ml TMA-β-CD, 10 mM NH4Ac (pH 

3.5) 

 ESI-IT-MS (NIM) Reverse CE polarity 30 

Tropic acid, etilefrine, 

mianserine, dimethidine, 

chlorpheniramine 

0.2-3 mg/ml CM-β-CD, 10 mM NH4Ac 

(pH 3.5) 

 ESI-IT-MS  30 

  

other pseudo-stationary phases 

    

3-Aminopyrrolidine, α-

amino-ε-caprolactan, 

cycloserine 

1-5 mM crown ether, 40 mM NH4formate 

(pH 4.0) 

80 cm; 50 μm ID; 

PAA-coated 

ESI-MS (SIM)  32 

Drugs 12 mM 4-sulfonated calix[6]arene, 40 mM 

NH4Ac (pH 6) 

80 cm; 50 μm ID ESI-QqQ-MS  27 

Ibuprofen + metabolites, 

other drugs 

5-12.5 mM vancomycin, 50 mM NH4Ac 

(pH 4.8) 

44 cm; 50 μm ID; 

PVA-coated 

ESI-IT-MS (NIM)  33 

Warfarin, ibuprofen, 

ketoprofen 

100 μM avidin, 40 mM NH4Ac (pH 6.0) 80 cm; 50 μm ID; 

PAA-coated 

ESI-QqQ-MS (NIM)  18 

a NH4Ac, ammonium acetate; HAc, acetic acid; CD, cyclodextrin; CM-β-CD, carboxymethyl-β-cyclodextrin; S-β-CD, sulfated-β-cyclodextrin; SBE-β-CD, 

sulfobutylether-β-cyclodextrin; HS-β-CD, highly sulfated-β-cyclodextrin; QA-β-CD, quarternary ammonium-β-cyclodextrin; TMA-β-CD, trimethylamine-β-

cyclodextrin. 
b ID, inner diameter; AMPS, acrylamido-2-methylpropanesulfonic acid , PVA, polyvinylalcohol; PAA, polyacrylamide. 
c ESI, electrospray ionization; APCI, atmospheric pressure chemical ionization; QqQ, triple-quadrupole; IT, ion trap; Q, quadrupole; SIM, selected ion mode; NIM, 

negative ion mode. 
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sulfobutyl ether-β-CD (SBE-β-CD)) were used in BGEs of 20-40 mM ammonium 

acetate (pH 3-7) for the separation of positively charged analytes. Best separations 

were obtained with long selector zones containing relatively low concentrations of 

CDs in order to prevent from excessive Joule heating [28]. Effective 

enantioseparations of various drugs were achieved with the PF CD/EKC–MS systems 

without observing interferences of the respective CDs in the ionization process and, 

thus, avoiding contamination of the ion source [15,28,29]. Especially S-β-CD appeared 

to be a strong selector and was very effective to achieve enantioresolution for a wide 

range of compounds such as prilocaine, mepivacaine and atropine [15,29]. Several 

authors discussed the use of RM CDs in PF-EKC–MS using an acidic BGE [17,30,31]. 

Schulte et al. [30] demonstrated the RM-EKC−MS of several cationic analytes such as 

etilefrine, mianserine, dimethindene and chlorpheniramine using a BGE of 10 mM 

ammonium acetate (pH 3.5) containing 0.2-3 mg/ml CM-β-CD or 0.1 mg/ml SBE-β-

CD. All enantiomers were nicely separated and detected in MS without observing 

signals from the CDs.  

Fig. 4. RM-MEKC–ESI-MS (reconstructed ion chromatogram) of N-methylcarbamate pesticides using (A) 

an uncoated fused silica capillary and (B) an AMPS-coated capillary. BGE: (A) 10 mM ammonium acetate 

(pH 5.0) and 10 mM SDS and (B) 10 mM ammonium acetate (pH 8.5) and 10 mM SDS. Reproduced from 

[10], with permission. 
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The enormous potential selectivity of the highly sulfated (HS) CDs was 

illustrated by the infinite resolution of different basic drugs with HS-γ-CD. Above a 

certain concentration of HS-γ-CD, the enantiomer with the highest affinity for the 

selector was no longer detected by the MS, because the negatively charged analyte-

CD complex presented an opposite mobility as is shown in Figure 5 for the 

enantioseparation of methadone [31].   

Besides the RM-EKC−MS of cationic analyte using anionic CDs, Schulte et al. 

[30] also discussed the use of a cationic CD (trimethylamine-β-CD (TMA-β-CD)) for 

the enantioseparation of tropic acid. Using a reversed polarity in CE, enforced the CDs 

to migrate towards the capillary inlet while the analyte migrated towards the ion 

source allowing RM-CD/EKC−MS of anionic compounds.  

 

Other phases 

Some special PSPs such as 4-sulfonated calyx[6]arene (Cx-SO3), crown ethers, 

avidin and vancomycin have been used for RM-EKC−MS. Cx-SO3 was used as a RM 

phase for the analysis of pharmaceuticals such as pyridoxine, caffeine, phenacetin and 

acetaminophen [27]. In a BGE of pH 6.0, the anionic Cx-SO3 migrated towards the 

capillary inlet and did not cause any background signals in the mass spectra recorded 

during analysis. As Cx-SO3 showed strong interaction with cationic analytes, most 

satisfactory separations were obtained at relative low concentrations of selector in the 

BGE.   

Fig. 5. PF RM-EKC–ESI-MS (single ion chromatogram) of methadone enantiomers achieving significant 

(lower trace) and infinite enantioresolution (upper trace) using an uncoated fused-silica capillary. BGE: 

30 mM ammonium formate (pH 2.5) containing 0.75 or 0.85 % HS-γ-CD, respectively. Reproduced from 

[31], with permission. 
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Tanaka et al. [32] demonstrated the use of crown ether as chiral selector in 

RM EKC−MS for the analysis of 3-aminopyrrolidine, α-amino-ε-caprolactan and 

cycloserine. A polyacrylamide (PAA) coated capillary in combination with a BGE of 

40 mM ammonium formate (pH 4.0) provided an overall mobility of the crown ether 

towards the anode, and indeed no background signals were observed in the mass 

spectra during analysis of the primary amines.  

The basic egg-white protein avidin has also been used as chiral selector in RM 

EKC−MS. As avidin is positively charged at pH < 10 the protein was dissolved in a 

BGE of pH 6.0 and the voltage polarity of the CE system was reversed in order to 

induce RM conditions. The resulting system was successfully used for the 

enantioseparation and MS detection of several acidic drugs such as warfarin, 

ibuprofen and ketoprofen [18]. In an analogues way, the peptide vancomycin has 

been used in RM EKC−MS as a selector for the enantioseparation of ibuprofen and 

several structural analogues using in reversed polarity CE [33]. Figure 6 shows the 

analysis of carboxyibuprofen (which has two chirality centers) using a BGE of 50 mM 

ammonium acetate (pH 4.8) containing 5 mM vancomycin, resulting in four nicely 

separated enantiomers.  

 

 

Phase removal systems 
A fully different approach to achieve interference-free EKC−MS is the 

removal of the PSP from the BGE prior to introduction in the ion source of the MS. 

This removal can be achieved by a so-called voltage-switching approach with buffer 

renewal based on a setup with two coupled capillaries (Fig. 7) [34,35]. The setup 

Fig. 6. PF RM-EKC–ESI-MS (extracted ion chromatogram) of carboxyibuprofen enantiomers using a 

PAA-coated capillary. The inset shows the mass spectrum at the apex of the first eluting peak. BGE: 50 

mM ammonium acetate (pH 4.8) containing 5 mM vancomycin. Reproduced from [33], with permission. 
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allows heart-cutting of zones of interest from the first capillary in which the EKC 

separation takes place into the second capillary. In this capillary a CZE based 

separation of the analyte(s) from the molecules originating from the PSP is carried out 

so that the analytes can be introduced into the MS in the absence of interfering 

molecules. A mixture of mepenzolate and pipenzolate (structure analogues) were 

analyzed using a BGE (for EKC) of 10 mM ammonium acetate (pH 4.5) containing 25 

mM SDS, whereas for CZE 50 mM ammonium acetate (pH 4.5) was used. The system 

allowed separation of the compounds without observation of detrimental effects of 

the SDS on MS performance [34]. Similar experiments were described for the 

enantioseparation of the cationic ropivacaine using DM-β-CD and its detection by MS 

without disturbance by the CD [35]. Although the feasibility of the voltage switching 

system has been demonstrated, the system is quite complex and requires an accurate 

timing for transferring the zone of interest from the first to the second capillary. 

Furthermore, only a very limited part from the EKC separation can be transferred. 

 

 Fig. 7. Schematic representation of the principle of buffer exchange and voltage switching for the 
coupling of EKC and MS. I. After sample injection a voltage is applied (positive voltage on inlet buffer 

vial and negative voltage on outlet buffer vial) and an EKC-separation is obtained. II. When the first 

compound of interest reaches the end of the first capillary, the voltage on the outlet vial is switched off 

and the buffer is replaced for a BGE without PSP. III. The analyte zone of interest is transferred from the 

first to the second capillary by the EOF. IV. A voltage is applied on the inlet vial of the second capillary 

and the PSP is separated from the analytes which are transferred to the MS. Reproduced from [34], with 

permission. 
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OnOnOnOn----line EKCline EKCline EKCline EKC−MS by direct introduction of the PSPs into the mass spectrometer−MS by direct introduction of the PSPs into the mass spectrometer−MS by direct introduction of the PSPs into the mass spectrometer−MS by direct introduction of the PSPs into the mass spectrometer    

 

For routine analysis, a direct coupling of conventional EKC with MS would be 

most convenient, but this option often is not considered or investigated. A direct 

coupling would not require extra optimization of the EKC analysis when transferring 

the method from UV to MS detection. Several papers have discussed the direct 

introduction of PSPs into the ESI ion source using systems with conventional 

[25,27,36-40], cyclodextrins [27,30,41-44], semi-volatile [40,45] and high-molecular-

weight surfactants [21,24,46-49]. Furthermore, for direct EKC–MS also the potential 

of alternative ionization methods next to ESI have been investigated [50-52]. An 

overview of these techniques is given in Table 3. 

 

Micellar phases 
Several authors studied the feasibility of the direct introduction of BGEs 

containing SDS [27,36-38,50] and cetyltrimethylammonium chloride (CTAC) [39] 

into the ESI ion source. Somsen et al. [36] presented a systematic study about the 

effect of the presence of non-volatile buffer salts and SDS on the observed analyte 

signals in MS. As expected, non-volatiles like sodium phosphate, sodium borate and 

SDS caused severe suppression of the ionization of the test drug mebeverine during 

infusion in ESI-MS. Nevertheless, a significant MS signal for mebeverine could still be 

detected. The feasibility of direct MEKC−ESI-MS using a BGE of 10 mM sodium 

phosphate (pH 7.5) containing 20 mM SDS was demonstrated by the successful 

separation and detection of the mebeverine with six related impurities at the 0.1% 

(m/m) level. All impurities were separated from the mebeverine and sub-µg/ml 

detection limits (in full-scan mode) were obtained. MEKC–ESI-MS/MS of the low-

level impurities was performed using an ion-trap MS and information-rich MS spectra 

were obtained. Repeated analyses over a one-day period indicated that analyte signal 

intensities slightly reduced during the day. Removing SDS deposit from the ion source 

fully restored the signal intensities. 

Tanaka et al. [27] also demonstrated direct MEKC–ESI-MS using a BGE of 50 

mM ammonium carbonate (pH 8.5) containing 80 mM SDS. MS detection of some test 

drugs (50-100 µg/ml) was accomplished. During analysis, the running buffer in the 

inlet vial did not contain SDS. Cheng and co-workers [37] indicated the possible 

analysis of drugs (1 mg/ml) by direct coupling of MEKC and ESI-MS using a BGE of 

40 mM ammonium acetate (pH 9) containing 20 mM SDS.  

A special interface allowing extremely low sheath liquid flow rates (about 200 

nl/min) and a positioning closer to the MS orifice, was developed by Chen and co-

workers [38]. The effect of SDS on the analyte signals was studied. The results showed 
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Fig. 8. MEKC–ESI-MS of triazine herbicides (20 μg/ml each) using (A) a common sheath liquid interface 

and (B) a low-flow interface. BGE: 20 mM ammonium acetate (pH 7.0) containing 25 mM SDS. Sheath 

liquid: methanol/water/acetic acid (70:30:1, v/v/v) at a flow rate of (A) 5 μl/min and (B) approx. 200 

nl/min. Reproduced from [38], with permission. 

that the signal dropped to less than 30% or 10% when a concentration of 35 or 55 mM 

was used, respectively [38]. This suppression is quite similar to the suppression 

observed with conventional sheath liquid interfaces [36]. However, since a low 

sheath-liquid flow rate has been used, the spray tip could be positioned closer to the 

MS orifice enabling more efficient sampling of the ions from the spray. A test mixture 

of triazine herbicides was analyzed using 25 mM SDS with both a conventional (Fig. 

8A) and the low-flow interface (Fig. 8B), and it was demonstrated that more stable 

and indeed increased analyte signals (10-30 fold) and improved S/N ratios were 

obtained [38].     

CTAC was used in a reversed polarity CE system to positively charge the 

capillary wall to increase the EOF (in order to shorten the analysis times) and to 

reduce the interaction of the analytes (peptides) with the capillary wall. Above the 

CMC, CTAC played an important role in the separation of closely related tripeptides 

as well as larger peptides.  Using a BGE of  pH 4.3  containing 2.5 mM CTAC,  a severe 



Table 3. EKC–MS methods using direct introduction of pseudo-stationary phase into the ion source 

Analytes Background electrolytea Capillaryb MS conditionsc Remark Ref 

 micelles     

Drugs 80 mM SDS, ammonium carbonate (pH 

8.5) 

80 cm; 50 μm ID ESI-QqQ-MS  27 

Mebeverine and impurities 20 mM SDS, 10 mM sodium phosphate 

(pH 7.5) 

90 cm; 75 μm ID ESI-IT-MS, 

ESI-Q-MS 
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Drugs 50 mM SDS, 10 mM sodium phosphate 

(pH 7.5) 

90 cm; 75 μm ID dopant assisted 

APPI-IT-MS 

No ion suppression; neutral 

compounds ionized 

52 

Aniline, nitro-aniline, naphtylamine 50 mM SDS, 30 mM phosphate (pH 6.6) 50 cm; 50 μm ID APCI-Q-MS Poor sensitivity 50 

Peptides 2.5 mM CTAC (pH 4.3) 100 μm ID (rev. 

polarity) 

ESI-MS CTAC reduces analyte 

adsorption to capillary wall; 

reverse polarity 

39 

Drugs cholic acid or SDS, NH4OH 50 μm ID ESI-IT-MS  40 

Drugs 20 mM SDS, 40 mM NH4Ac (pH 9) 90 cm; 50 μm ID ESI-MS  37 

Triazine herbicides 25 mM SDS, 20 mM NH4Ac (pH 7.0) 90 cm; 50 μm ID low-flow-SF 

ESI-MS 

Sensitivity 10 times better than 

with normal SF 

38 

 high-molecular-weight surfactants     

1,1'-Binaphthol 0.02-1.0% (w/v) poly-L-SUV, NH4Ac (pH 

9.2) 

50 μm ID ESI-Q-MS 

(NIM) 

 48 

Caffeine, naphthalenes 1% BBMA, 20 mM NH4formate (pH 7) 50 cm; 50 μm ID ESI-Q-MS  21 

Phenyltrimethylammonium-chloride, 

naphtylamine, quinine sulfate, 

tetraphenylphosphoniumCl, 

octaoxyethylenedodecanol 

2% BBMA, 10 mM NH4formate (pH 7) 50 cm; 50 μm ID ESI-Q-MS  46 

Salbutamol, nortriptyline, 

diphenhydramine 

2-10 mg/ml nano-particles, 25 mM 

ammonium carbonate (pH 8.2) 

75 cm; 50 μm ID ESI-IT-MS  24 

Tamoxifen analogues and metabolites Genapol+c100 and Mega-10 100 cm; 100 μm ID ESI-Q-MS No good separation/selectivity 49 

Tricyclic antidepressants; β-blockers 0.1% (Poly-SUS), 10 mM NH4Ac (pH 9) 60 cm; 75 μm ID ESI-double 

sector-MS 

 47 

      



 semi-volatile surfactants     

β-blockers, caffeine SDS, PFOA, PFOSA and others 50 μm ID ESI-QqQ-MS  45 

Drugs 100 mM PFOA, 200 mM NH4OH 50 μm ID ESI-IT-MS  40 

 

cyclodextrins 

    

Drugs 5-15 mM DM-β-CD, 5 mM NH4Ac, 0.8 M 

HAc, 80% MeOH 

100 cm; 100 μm ID ESI-MS  42 

Drugs 20 mM HP-β-CD, 5 mM NH4Ac, 0.8 M 

HAc, 80% MeOH 

100 cm; 100 μm ID ESI-MS  42 

Drugs 4 mM SBE-β-CD, 40 mM NH4CO3 (pH 

6.0); 

80 cm; 50 μm ID ESI-QqQ-MS  27 

Herbicides 20 mM TM-β-CD, 50 mM NH4Ac (pH 4.6) 98 cm; 50 μm ID ESI-IT-MS 

(NIM) 
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Peptides, gangliosides 20 mM α-CD, 50 mM NH4Ac (pH 7.5) 100 cm; 50 μm ID ESI-Q-MS  41 

Terbutaline and ephedrine 5-20 mM DM-β-CD, 5mM sodium 

phosphate (pH 2.5) / 10mM TRIS (pH3) 

120 cm; 75 μm ID ESI-QqQ-MS 

(SIM mode) 

Analyte-CD complex detected; 

spiked urine sample 

43 

a CTAC, cetyltrimethyl ammonium chloride; poly-L-SUV, poly(sodium N-undecanoyl) L-valinate; NH4Ac, ammonium acetate; BBMA, butyl acrylate-butyl 

methacrylate-methacrylic acid copolymer sodium salt; Poly-SUS,  poly(sodium undecylenic sulfate); PFOA, perfluorooctanoic acid; PFOSA, 

perfluorooctanesulfonic acid; CD, cyclodextrin; DM-β-CD, dimethyl-β-cyclodextrin; HAc, acetic acid; HP-β-CD, hydroxypropyl-β-cyclodextrin; SBE-β-CD, 

sulfobutylether-β-cyclodextrin; TM-β-CD, trimethyl-β-cyclodextrin; TRIS, Tris(hydroxymethyl)aminomethane.  
b ID, inner diameter. 
c ESI, electrospray ionization; QqQ, triple-quadrupole; IT, ion trap; APPI, atmospheric pressure photoionization; APCI, atmospheric pressure chemical ionization; 

Q, quadrupole; SF, sheath-flow interface; NIM, negative ion mode; SIM, selected ion mode. 
d CTAC, cetyltrimethylammonium chloride; SF, sheath-flow interface; CD, cyclodextrin. 
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suppression of the analyte ionization was observed so that the LOD for the peptides 

typically was 25-100 µg/ml. Off-line studies indicated that a loss of signal of a factor 

three to four was obtained for a concentration of 2.5 mM CTAC in comparison to 

signals obtained using a compatible MS buffer [39]. 

The use of APCI for on-line MEKC–MS has been described by Takada et al. 

[50]. For the CE–APCI-MS of aromatic amines, a BGE of 20 mM phosphate buffer (pH 

6.6) was used and for MEKC–APCI-MS 20 mM SDS was added to this BGE. In CE–

APCI-MS the amines could not be separated, but using MEKC–APCI-MS a nice 

separation was obtained. In both systems the amines were detected and no significant 

difference in analyte intensities between both systems was observed. This indicates 

that in MEKC–APCI-MS, non-volatile buffer additives like SDS do not negatively 

affect the analyte ionization efficiency. Unfortunately, the overall detection limits of 

the analytes using the presented MEKC–APCI-MS method still were quite 

unfavorable (20-50 µg/ml). 

The newest mode in the field of soft ionization techniques is APPI. Recently, 

it was demonstrated that direct MEKC–APPI-MS can be accomplished using a BGE of 

10 mM sodium phosphate (pH 7.5) containing 50 mM SDS [51,52]. Quite remarkably, 

Fig. 9. MEKC−APPI-MS (extracted ion chromatograms) of mebeverine (2 mg/ml) containing three 

related compounds (0.25% (w/w) relative to mebeverine). BGE: 10 mM sodium phosphate (pH 7.5), 25% 

acetonitrile and 50 mM SDS. Sheath liquid: methanol/water/toluene (75:25:5, v/v/v) at a flow rate of 15 

μl/min. Reproduced from [52], with permission. 
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it was demonstrated that the phosphate buffer and SDS did not cause ion suppression 

nor background signals in the mass spectra. APPI also appeared to be able to ionize 

both polar and apolar compounds. The presented system was used for the drug 

impurity profiling of mebeverine with three potential impurities at the 0.25%-level. 

All three impurities were separated from the mebeverine, and could be detected with 

APPI-MS with a satisfactory sensitivity (Fig. 9). Notably, one of the impurities (m/z 

272) could not be detected with ESI-MS indicating the wide potential of applicability 

of MEKC–APPI-MS. APPI might also be quite useful for EKC–MS using other PSPs 

like CDs.   

 

Cyclodextrins 
Several authors have studied the possibility of CD/EKC–MS without taking 

precautions for the entering of CDs into the ion source. Reports include the use of 

neutral CDs such as α-CD [41], DM-β-CD [42,43], TM-β-CD [44] and HP-β-CD [42]. 

Sheppard and co-workers [43] demonstrated the feasibility of the direct introduction 

of a BGE of 5 mM sodium phosphate (pH 2.5) containing 5 mM DM-β-CD for the 

analysis of terbutaline enantiomers (Fig. 10). Analyte signals could be detected in MS 

despite suppression of the analyte signals by CD and BGE. The suppression was 

limited because relatively small amounts of the BGE and CD entered the source due to 

the low EOF. Furthermore, it was demonstrated that in case of direct CD/EKC–MS, a 

(minor) part of the analyte might be detected as analyte-cyclodextrin complex (Fig. 

10) [43].  Others authors confirmed that neutral CDs cause quite severe suppression of 

the analyte ionization [41,42,44]. However, when relatively low concentrations of 

CDs are applied, separation of the enantiomers can still be obtained, whereas 

sufficient sensitivity remains to detect the analytes. 

Fig. 10. EKC−ESI-MS of terbutaline enantiomers using a BGE of 5 mM sodium phosphate (pH 2.5) and 5 

mM DM-β-CD and using a sheath liquid consisting of methanol/water. Reproduced from [43], with 

permission. 
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Fig. 11. Effects of surfactants on (A) ESI signal intensity and (B) MS spectra of caffeine (1 mg/ml) during 

infusion at 5 μl/min. BGE: 35 mM surfactant and 30 % acetonitrile. Sheath liquid: acetonitrile/50 mM 

formic acid (50:50, v/v) at a flow rate of 3 μl/min. Reproduced from [45], with permission. 
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Tanaka et al. [27] demonstrated the applicability of SBE-β-CD in direct EKC–

MS for the separation and specific detection of neutral and cationic analytes. No 

signals from the CDs were detected in the mass spectra, but as the detection 

sensitivity was quite poor (LOD ± 25-50 µg/ml), ion suppression most likely occurred. 

 

Semi-volatile surfactants 
A promising approach to circumvent the problems associated with PSPs in 

direct on-line MEKC–MS, is the use of semi-volatile fluorinated surfactants as 

perfluorooctanoic acid (PFOA) [40,45] and perfluorooctanesulfonic acid (PFOSA) 

[45]. Ishihama et al. [45] demonstrated that these surfactants can be employed in ESI-

MS without a significant decrease in ionization and detection sensitivity of caffeine 

(Fig. 11A). Furthermore, with fluorinated surfactants no or only weak background 

signals related to the surfactants were observed in the mass spectra and the number 

and abundance of caffeine adducts strongly reduce in comparison to the results 

without surfactants. When SDS is used several SDS related clusters dominate the mass 

spectra (Fig. 11B). Comparison of the separation performance between SDS and PFOA 

in MEKC indicated a different migration order but good selectivity for both systems 

and a somewhat reduced migration window for PFOA [40]. Using a BGE of 200 mM 

ammonia (pH 9.3) containing 100 mM PFOA, successful analysis of terbutaline (2.5 

mg/ml) and a related impurity (0.25 µg/ml) was achieved. Sensitivity with this system 

was quite favorable with a limit of quantitation (LOQ) of 250 ppb of the related 

impurity in full-scan mode. 

 

High-molecular-weight phases 
In direct EKC–MS several high-molecular-weight surfactants like BBMA 

[21,46], poly-SUS [47], poly(sodium N-undecanoyl-L-valinate) (poly-L-SUV) [48], 

Genapol+C-100 [49], Mega 10 [49] and nanoparticles [24] have been studied. Ozaki et 

al. [21,46] demonstrated the feasibility of direct MEKC–MS analysis of various drugs 

using a BGE of 10-20 mM ammonium formate (pH 7.0) containing 1 or 2 % (v/v) 

BBMA. The analysis of 4 sulfamides using 1% BBMA is demonstrated in Figure 12A. 

The BBMA added to the BGE did not cause background signals in the mass range 

where the analytes were detected, however, suppression by the BBMA turned out to 

be almost as severe as for SDS. Still analyte signals were detected as long as relatively 

small amounts of BBMA (< 2%) were used (Fig. 12B). After transfer of the MEKC–UV 

method to MS, a significant reduction in separation performance is observed. 

Shamsi studied the applicability of poly-L-SUV as a chiral surfactant in 

MEKC–MS [48]. The non-volatile additive resulted in strong background ions in the 
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mass spectra and, thus, a compromise had to be found between separation 

performance and detection sensitivity. Enantiomers of 1,1’-binaphthol (0.05 mg/ml 

each) were baseline separated and detected by ESI-MS by selected ion monitoring in 

the negative ion mode (S/N 93) by using a BGE of 20 mM ammonium acetate (pH 9.2) 

containing 0.20 % (w/v) poly-L-SUV.  

To improve the CE separation of tricyclic antidepressant drugs and β-

adrenergic blockers, Lu and co-workers [47] successfully used a BGE of 10 mM 

ammonium acetate (pH 9) containing 0.1% poly-SUS. For concentrations of 0.5% of 

the poly-SUS, a long analysis time (ca. 40 min) and poor analyte signals were 

observed. Using 0.1% poly-SUS, all analytes were separated and a satisfactory MS 

sensitivity was obtained for propanolol (LOD 2.5 µg/ml).  

 

 

Fig. 12.    (A) MEKC−UV and (B) MEKC−ESI-MS of sulfonamides. BGE: (A) 100 mM borate, 50 mM 

phosphate (pH 7), 10% methanol and 1% BBMA, and (B) 10 mM ammonium formate (pH 7), 10% 

methanol and 2% BBMA. The MS was operated in the SIM mode. Reproduced from [46], with 

permission. 
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OffOffOffOff----line EKCline EKCline EKCline EKC––––MSMSMSMS    

 

Few reports on the off-line coupling of EKC with MALDI-TOF-MS have been 

described [53,54]. MALDI is regarded to be more tolerant to the presence of non-

volatile salts than ESI, which prompted researchers to study the possibility of EKC–

MALDI-TOF-MS via deposition of the EKC effluent on a moving MALDI target plate. 

Amini et al. [53] systematically studied the influence of different buffer salts and 

surfactants on the MALDI of spotted peptides. The signal-to-noise ratio in MALDI-

TOF-MS detection generally decreased with increasing buffer concentration without 

affecting the mass accuracy. Various PSPs such as SDS, Brij®–35, Tween®–80 and 

cyclodextrins produced prominent background signals in the presence of sodium or 

potassium containing buffers. However, when these surfactants were used in 

combination with ammonium acetate buffers, no serious interferences from the 

surfactants were observed. MALDI-MS analyses of fractions collected from a MEKC 

analysis using a BGE of 10 mM ammonium acetate containing 20 mM SDS showed the 

possibility of detection of peptides by MALDI-MS after separation by MEKC [54]. 

 

    

Conclusion and future pConclusion and future pConclusion and future pConclusion and future perspectiveserspectiveserspectiveserspectives    

 

The development of methodologies allowing coupling of EKC and MS has 

been reviewed in this chapter. Over the past years, different approaches have been 

described in order to handle the problems associated with the ionization of analytes in 

the presence of PSPs. The PF approach has been widely and successfully implemented 

allowing the ionization and detection of the analytes without interference of the PSP. 

Unfortunately, in PF-EKC the separation efficiency is seriously compromised in 

comparison to the conventional EKC, and PF systems have to be optimized for each 

individual compound. Another way to prevent the PSPs from entering the ion source, 

is by using reverse-migrating phases with apparent mobilities towards the capillary 

inlet. The RM approach also requires a careful choice of experimental conditions in 

order to be successful. 

The direct coupling of conventional EKC to MS often causes severe 

suppression of the analyte ionization, but several authors found that significant 

analyte signals can still be detected. Others used polymeric surfactants which do not 

cause background signals but, on the other hand still may affect the ionization process 

of the analytes. Furthermore, the separation power of these polymers often is inferior 

to SDS. A promising development is the use of semi-volatile surfactants which exhibit 

a satisfactory separation power and often allow direct introduction into the ESI ion 
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source without reduction of the ionization efficiency. Another interesting option is 

the use of alternative ionization techniques like APCI and APPI which are less 

susceptible to adverse influences by PSPs 

Especially, the latter development offers attractive perspectives for achieving 

full compatibility in the coupling of conventional MEKC and MS for the first time.  
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SummarySummarySummarySummary    

    

In capillary electrophoresis – electrospray ionization - mass spectrometry (CE–

ESI-MS) analyte responses may strongly depend on the used background electrolyte 

(BGE). The effect of the BGE on the analyte ionization usually is determined using a 

pressure-driven infusion of analyte solutions in BGE into the ESI source. However, 

such an approach does not reflect the actual situation under CE–MS conditions. In 

this paper several infusion methods for the determination of BGE effects on analyte 

signals in sheath-liquid-based CE–MS are studied and compared. It follows that the 

analyte ionization efficiency depends on the voltage applied across the capillary, as 

the voltage affects the ionic composition of the electrolyte actually entering the ion 

source during CE–MS operation. Moreover, ESI-MS signal intensity also depends on 

the electrophoretic mobilities of the analytes as these determine the number of 

molecules leaving the capillary per unit time. Voltage-induced infusion administering 

the analyte via the sheath liquid overcomes these problems. However, analyte signals 

are hardly affected by the BGE indicating incomplete mixing of BGE and CE effluent. 

Therefore, a voltage-induced infusion method, in which the analyte is introduced via 

the capillary, is proposed which takes voltage and mobility effects on the analyte 

signal into account. Application of this method enables appropriate comparison of the 

ionization suppression of different volatile and non-volatile BGEs in CE–MS. 

Furthermore, the method helps to explain the contribution of ionization efficiency on 

the ultimate signal intensity among CE-related parameters. 
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IntroductionIntroductionIntroductionIntroduction    

    

Capillary electrophoresis (CE) has developed into a powerful alternative 

separation technique for drug impurity profiling and drug stability studies [1-3]. In 

CE, often non-volatile background electrolytes (BGEs) are used to obtain high 

separation efficiencies [4,5]. Furthermore, strongly enhanced (chiral) selectivities can 

be achieved by adding pseudo-stationary phases, like sodium dodecylsulfate (SDS) or 

cyclodextrines to the BGE [6-7]. Coupling of such CE systems to electrospray 

ionization mass spectrometry (ESI-MS) is often considered problematic due to the 

non-volatility of the BGE constituents [8-10]. Therefore, in CE–MS usually volatile 

BGEs like ammonium acetate or acetic acid are used to minimize ionization 

suppression [8-10]. However, use of non-volatile BGEs and additives are often crucial 

for obtaining the required selectivity. Therefore, the use of non-volatile BGEs in CE–

ESI-MS has been studied over the past years. Although many of the presented systems 

show nice quality spectra, and good extracted-ion-traces are obtained, the result of 

the non-volatile salts on the quantitative aspects (ionization efficiency) often is not 

considered. To determine the effect of the BGE composition on the ionization 

efficiency, the area of the analyte peaks in CE–MS could be measured. However, for 

various reasons the peak areas using various BGEs can seriously vary, and, thus, this is 

not a good measure for the analyte ionization efficiency. Therefore, assessment of the 

BGE effect on the analyte ionization efficiency should be determined preferably via 

infusion experiments. In LC–MS, ion suppression is considered an important issue and 

usually suppression and matrix effects are determined by post-column infusion 

experiments. To assess the effect of the BGE on the analyte ionization efficiency in 

CE–MS, in general the analyte of interest is introduced into the ion source in presence 

of a background electrolyte (BGE) through the CE capillary by applying a pressure on 

the inlet vial [11-13], or via a syringe pump [14,15]. However, these approaches might 

not provide a correct picture of the effect of the BGE composition on the analyte 

ionization efficiency because used conditions do not match actual CE–MS conditions. 

 

In this study, several pressure- and voltage induced infusion methods for the 

determination of the effect of the BGE on the ionization performance in CE–ESI-MS 

are evaluated using a co-axial sheath liquid CE–MS interface. The effect of volatile 

and non-volatile BGEs on the ionization efficiency of a model compound are studied 

using different infusion methods. Advantages and limitations of the different methods 

are considered. A method is proposed which corrects for changes in analyte signal due 

to variation in mobility. This enables an appropriate comparison of ionization 

suppression of different volatile and non-volatile BGEs under actual CE–ESI-MS 
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conditions. The usefulness of this approach is demonstrated by assessment of the 

effect of two pseudo-stationary phases (SDS and anionic cyclodextrins) on the analyte 

ionization efficiency in electrokinetic chromatography (EKC)–ESI-MS. 

    

    

ExperimentalExperimentalExperimentalExperimental    

    

Chemicals and materials 
Ammonium formate, sodium dodecylsulfate (SDS), di-sodium hydrogen 

phosphate, phosphoric acid 85%, boric acid, sodium hydroxide, and acetic acid 99-

100% were purchased from Merck (Darmstadt, Germany). Formic acid 98-100% was 

obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). Mebeverine was kindly 

provided by Solvay Pharmaceuticals (Weesp, the Netherlands). All reagents were of 

analytical grade. Heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) 

was obtained from Antek Instruments (Houston, TX, USA). Deionized water was 

filtered and degassed before use. Methanol and acetonitrile (both HPLC grade) were 

from Biosolve (Valkenswaard, the Netherlands). Fused-silica capillaries were from 

Polymicro Technologies (Phoenix, AZ, USA). A new capillary was conditioned with 

methanol during 15 minutes. 

For the infusion experiments in which the model compound was administered 

via the BGE, 1-μg/ml mebeverine solutions were prepared in the BGEs to be 

evaluated. Alternatively, a 10 ng/ml solution of mebeverine was prepared in the 

sheath liquid, and no analyte was added to the BGEs to be evaluated. For evaluation of 

the voltage-induced infusion method with relative analyte mobility adjustment, a 1-

μg/ml mebeverine solution was prepared in the BGE and also a sample containing 10 

μg/ml mebeverine in water was prepared and injected as a normal sample. The 

composition of the sheath liquid was acetonitrile-water-formic acid or acetic acid 

(75:25:0.1, v/v/v). 

    
CE–MS system  
 CE–ESI-MS experiments were performed using a PrinCE CE system (Prince 

Technologies, Emmen, The Netherlands). Fused-silica capillaries of 50 cm length and 

an internal diameter of 50 µm were used. A new capillary was rinsed with 0.5 M 

sodium hydroxide for 15 minutes, and water during 10 minutes. At the beginning of 

each working day, the capillary was washed with water for 10 min. Before each 

analysis, the capillary was rinsed with fresh BGE for 3 min.  

 In pressure-induced infusion experiments, the BGE containing the model 

compound (1 µg/ml) was introduced into the ion source via the CE capillary by 
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applying a pressure of +50 mbar on the CE inlet vial. For voltage-induced infusion 

experiments, a CE-voltage of + 30 kV was applied on the CE inlet vial containing the 

BGE and the model compound (1 µg/ml). Alternatively, the model compound could 

be introduced into the ion source via the sheath liquid. The model compound is then 

dissolved to a concentration of 10 ng/ml in the sheath liquid and introduced at a flow 

rate of 5 µl/min while a voltage of +30 kV is applied on the CE inlet vial containing 

the BGE. In the currently presented approach, a voltage is applied on the inlet vial 

containing both the BGE and the analyte. Furthermore, the mobility of the analyte is 

determined by injection of a 10-µg/ml solution as a sample (50 mbar, 6 s). 

Subsequently, the migration time of the peak from the sample can be used as a 

measure for the analyte mobility. Analyte signals (mebeverine) were monitored in the 

respective extracted-ion-trace (m/z 430).  

CE was coupled to an Agilent 1100 Series LC/MSD SL ion-trap mass 

spectrometer from Agilent Technologies using a coaxial CE–MS sprayer (Agilent 

Technologies, Waldbronn, Germany). This sprayer provides both a coaxial sheath 

liquid make-up flow and a nebulization gas to assist droplet formation. The flow-rate 

of the sheath liquid was 5 μl/min, the nebulizing gas pressure was 10 p.s.i., the drying 

gas flow rate was 1 l/min at a temperature of 150 °C. Drying and nebulization gases 

were both nitrogen. During rinsing of the CE capillary with the BGE and during CE 

injection, the nebulizer gas flow and the electrospray voltage of +5.0 kV were 

switched off. MS detection was carried out in the full-scan mode in the 50-700 m/z 

mass range. The ion-charge-control (ICC) mode of the MS was used to prevent 

overloading of the trap.  

  

 

ResulResulResulResults and discussionts and discussionts and discussionts and discussion    

    

Assessment of BGE effect by infusion experiments 
Volatile and non-volatile background electrolyte (BGE) constituents like, e.g., 

phosphate salts, sodium dodecylsulfate (SDS) or cyclodextrins (CDs), may affect the 

analyte ionization efficiency in CE–MS. Various methods to assess the effect of the 

BGE composition on the ionization efficiency of the model compound mebeverine 

were evaluated using 50 mM acetic acid (pH 2.8), 10 mM ammonium formate (pH 

6.7), 25 mM phosphoric acid (pH 2.4), 10 mM sodium phosphate (pH 7.5), 25 mM 

sodium borate (pH 9.3), and 10 mM SDS in 10 mM sodium phosphate (pH 7.5) with 

10 % acetonitrile as BGEs. The effect of the BGE on the analyte ionization efficiency 

was studied by measuring the analyte signals in the presence of the various BGEs, and 

a CE–MS set-up was used comprising a commercial CE–MS sprayer. In a basic set-up, 
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Fig. 1.  Relative analyte signals of mebeverine obtained using different infusion approaches in which 

the analyte is introduced using BGE A-F via (I) the BGE by applying a pressure, (II) via the BGE by 

applying a voltage, and (III) like II with adjustment of the analyte signals for mobility differences. BGE, 

(A) 50 mM acetic acid (pH 2.8), (B) 10 mM ammonium formate (pH 6.7), (C) 25 mM phosphoric acid (pH 

2.4), (D) 10 mM sodium phosphate (pH 7.5), (E) 25 mM sodium borate (pH 9.3), and (F) 10 mM SDS in 

10 mM sodium phosphate (pH 7.5), 10 % acetonitrile. Applied pressure, 50 mbar; applied voltage, 30 kV. 

the test compound mebeverine is added to the BGE and introduced into the ion 

source by applying a pressure of +50 mbar on the capillary inlet vial. Using this 

approach, all BGE constituents and mebeverine enter the ion source in the 

concentrations as they actually are in the BGE; the mobility of all ions is identical and 

determined by the hydrodynamic flow. Furthermore, the effects of the sheath liquid 

are covered. When the infusion experiments were performed, using volatile BGEs (i.e. 

acetic acid and ammonium formate) similar (relative) analyte signals are obtained 

(Fig. 1.I). Non-volatile BGEs (phosphate, borate, and phosphate with SDS) 

significantly reduced the analyte signals (57% for sodium borate down to 9% for SDS 

of initial signal is left). However, this method does not actually reflect the CE 
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situation. The mobility of the EOF and BGE and analyte ions as induced by the CE 

voltage during CE–MS, are not taken into account. As a result, the actual composition 

of ions entering the ion source will not match the composition of ions in the ion 

source during CE–MS and, thus, most likely the effect of the BGE on the analyte 

ionization in CE–MS may be different than observed. 

To incorporate the effect of the CE voltage in the infusion experiments, a CE 

voltage was applied across the capillary. The mobility of the BGE ions and the EOF 

then match the actual situation in CE–MS. When a voltage is applied, the highest 

analyte signal is obtained using ammonium formate. Remarkably, the signal obtained 

using ammonium formate is more than twice the signal obtained using the volatile 

acetic acid (Fig. 1.II). Moreover, also for two non-volatile BGEs (phosphoric acid and 

sodium phosphate (pH 7.5)), signals comparable with acetic acid are observed. For 

sodium borate and the micellar BGE containing SDS, seriously reduced analyte signals 

were obtained. A possible explanation for the large difference in observed analyte 

signals might be the role of the EOF. A change in pH of the BGE will also change the 

EOF. As a result, a change in analyte flux into the ion source and, thus, a change in 

analyte signal can occur.  

To study whether the analyte flux affects the abundance of the analyte signals, 

a 1-µg/ml mebeverine solution was introduced into the ion source at various flow 

rates in the range of 67 - 500 nl/min corresponding to an EOF-time of 20 - 3 minutes, 

respectively. The standard sheath-flow CE–MS sprayer was used and the solution was 

introduced via the CE capillary using a syringe pump allowing delivery of accurate 

flows. The analyte signals monitored were linear over the entire flow range (R2 = 

0.9995). Therefore, a change in EOF will result in a proportional change of the analyte 

signal, which is a typical effect for sheath liquid interfaces. 
Observed analyte signals obtained using various BGEs does not necessarily 

correspond with the analyte ionization efficiency. This is nicely demonstrated by the 

following example. Voltage-induced infusion experiments provide similar signals for a 

volatile low-pH BGE (50 mM acetic acid (pH 2.8)) as for a non-volatile medium-pH 

BGE (10 mM sodium phosphate (pH 7.5)) (Fig. 2). Analysis of mebeverine by CE–MS 

using these BGEs demonstrated that the analyte mobility (derived from the migration 

time) using acetic acid is lower than for sodium phosphate. It also clearly 

demonstrates that even using non-volatile BGEs, better signal-to-noise ratios (and 

LODs) can be achieved than for some volatile BGEs. At low pH, the analyte mobility 

is lower and the peaks are broader, so the actual concentration at the apex of the peak 

will be lower than when using medium or high-pH BGEs. 
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In order to eliminate the influence of the EOF and analyte mobility, and thus ensure a 

constant flux of analyte into the ion source, another set-up was considered in which 

the analyte is dissolved in, and administered via the sheath liquid. The BGE is 

introduced via the CE capillary by applying a voltage across the capillary. This way, in 

principle a constant amount of analyte is introduced into the ion source independent 

of the applied voltage, whereas the composition of BGE ions in the ion source reflects 

the CE–MS situation. However, with this set-up we only observed moderate 

ionization suppression effects by the non-volatile BGEs, even when SDS was present. 

In this infusion set-up, the analyte is administered via the sheath liquid to the CE-

column flow and readily nebulized into the ion source. A possible explanation for the 

moderate ionization suppression might be that the two flows, which considerably 

differ in volume, might be not fully mixed and heterogeneous distribution of the BGE 

constituents over the ESI droplets might occur. The preformed analyte ions from the 

sheath liquid are then less affected by the BGE constituents, and more efficient 

analyte ion evaporation, and, thus, less ionization suppression might be obtained. 

Fig. 2. Extracted-ion-chromatograms of m/z 430 (mebeverine) obtained during the CE–MS analysis of 

10 µg/ml mebeverine using a BGE of (A) 50 mM acetic acid (pH 2.8), and (B) 10 mM sodium phosphate 

(pH 7.5). 
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Mobility adjustment 
The effect of the BGE on the analyte ionization efficiency is best represented 

by the set-up in which the analyte is added to the BGE and a voltage is applied over 

the CE capillary, because the ionization conditions are as they actually are during CE–

MS: the composition of BGE ions in the ion source is identical to the composition 

during CE–MS, and the analytes are dissolved in the BGE. However, the analyte flux 

and analyte signal are affected by variation in EOF and analyte mobility. Therefore, 

the mobility of the analyte and EOF must be determined for every BGE to be 

evaluated. Earlier in this paper, we already proved that a change in EOF will result in 

a proportional change of the analyte signals. Therefore, adjustment of the analyte 

signals for mobility changes is allowed.  

The most straightforward solution for assessment of the analyte ionization 

efficiency, and the mobility of the analyte and EOF in one single run, is to inject an 

additional sample plug in the CE–MS system in which analyte was added to the BGE. 

The height of the baseline (extracted-ion trace of analyte) provides the analyte signal, 

and the migration time of the analyte peak is a measure for the apparent mobility, 

including both the effective analyte mobility and the mobility of the EOF (Fig. 3). An 

increase of the migration time will result in a decrease of the flux into the ion source. 
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Fig. 3.  Schematic representation of the voltage-based infusion method using analyte mobility 

adjustment. Like in the basic voltage-based infusion method the signal (level of analyte background 

signal) is measured, but also the migration time (mobility) is determined by measuring the time of the 

peak from the injected sample. The migration time is used to calculate mobility used for adjustment of 

the analyte signals allowing comparison of various BGEs. 
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So, analyte signals must be adjusted to the same flux/mobility. This ‘normalized 

mobility’ is obtained when multiplying the analyte signals by the migration time of 

the analyte. Using this method, the analyte signals and mobilities are determined in a 

single run preventing from inter-run variations. 

To ensure that the presence of the analyte in the BGE does not affect the 

mobility of the sample plug, an additional experiment was performed. Analyses were 

performed using a CE BGE of 10 mM ammonium formate, and an electrokinetic 

chromatography (EKC) BGE of 10 mM sodium phosphate (pH 7.5), 10% acetonitrile 

containing 10 mM SDS. The migration time and the peak shape of analyte injected in 

the sample plug were monitored using BGE with and without analyte. For volatile 

and non-volatile BGEs with and without analyte, no significantly different migration 

times or peak efficiency was observed when the analyte was added to the BGE.  

The proposed method was applied for the evaluation of the BGE effects of 

various volatile and non-volatile BGEs on the analyte ionization efficiency (Fig. 1.III). 

After adjustment for mobility differences it becomes clear that during CE–MS best 

ionization efficiency for mebeverine is obtained using 50 mM acetic acid (pH 2.8). 

Furthermore, ammonium formate results in somewhat lower ionization efficiency, 

while phosphoric acid provides relatively good ESI-MS performance. Most likely the 

overall mobility of the phosphate ions is towards the CE capillary inlet and, thus, no 

effect of the non-volatile phosphate ions on the analyte ionization is obtained. The 

ionization efficiency using high-pH BGEs like sodium phosphate and borate is 

seriously reduced, however, the additional suppression by SDS in a sodium phosphate 

buffer is relatively limited, which is in line with previous observations [13]. Without 

mobility adjustment, the ammonium formate provided most abundant signal. 

However, after adjustment for the mobility it becomes clear that the ionization 

efficiency is better using acetic acid and even using phosphoric acid. Clearly, this is 

caused by the strong EOF obtained using ammonium formate (pH 6.8) which 

introduces a large flux of analyte into the ion source, compared to the low EOF and 

flux obtained using low-pH BGEs acetic acid and phosphoric acid. Also the EOF using 

sodium phosphate is strong and for that reason signals similar to acetic acid and 

phosphoric acid are obtained when no mobility adjustment is applied. However, 

normalizing the mobility demonstrates that the actual suppression of the analyte 

ionization by the sodium phosphate is about 66% relative to the acetic acid. In 

conclusion, the mobility and flux of the analyte strongly affects the detected analyte 

signals during voltage-induced infusion, which can be overcome by using a 

‘normalized mobility’. 
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Illustrations using BGEs containing PSPs 
Pseudo-stationary phases (PSPs) are added to the BGE in order to enhance 

selectivity or to facilitate chiral separations. These PSPs can affect the analyte 

ionization in EKC–MS. Therefore, these effects should be addressed in order to 

determine the compatibility of the PSP with ESI-MS. The effect of SDS in a phosphate 

buffer, and the effect of an anionic cyclodextrin in non-aqueous EKC were evaluated 

using pressure-induced infusion, and voltage-induced infusion with and without 

mobility adjustment. 

The ionization efficiency of mebeverine was monitored using a 

MEKC BGE of 10 mM sodium phosphate (pH 7.5), 0% acetonitrile containing 0-20 

mM SDS (Fig. 4A). Pressure-induced infusion showed a decrease of the ionization 

efficiency down to approx. 50% relative to 0 mM SDS, which is in line with previous 

results [13]. When a voltage is applied, a strong decrease of the observed analyte 

signal is obtained. However, by using the mobility adjustment method, it becomes 

clear that the analyte is subject to a strong increase of the migration time from 2.2 

min (0 mM SDS) up to 12.3 min (20 mM SDS); the analyte is strongly retained by the 

PSP which has an effective mobility towards the inlet vial. Therefore, also the flux of 

analyte into the ion source and the analyte signals will seriously decrease. 
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Fig. 4.  Relative analyte signals of mebeverine obtained using a pressure-based infusion method (■), 

and a voltage-based infusion method with (●) and without (▲) adjustment for the mobility differences 

due to the interaction of the analyte with (A) 0-20 mM SDS, 10 mM sodium phosphate (pH 7.5), or (B) 0-

20 mM anionic HDAS-β-CD, 10 mM ammonium formate, 0.75 M formic acid in methanol. Sheath liquid, 

acetonitrile-water-acetic acid (75:25:0.1, v/v/v) at flow rate of 5 µl/min. 
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Significantly higher signals were obtained when the adjustment of the analyte signals 

for the change in mobility was applied. The actual suppression of the ionization 

efficiency by 20 mM SDS and a phosphate buffer during MEKC–ESI-MS, as 

determined by the mobility-adjustment method, is approx. 60%. 

Second example is the assessment of the BGE effect on the ionization 

efficiency of mebeverine in non-aqueous EKC–MS using an anionic single-isomer 

cyclodextrin derivative (Fig. 4B). Using mixtures of drugs and drug-related 

compounds, such NAEKC–ESI-MS systems were shown to exhibit a strong potential 

for (chiral) drug profiling [16,17]. 0-20 mM heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-

cyclodextrin (HDAS-β-CD) was added to a BGE containing 10 mM ammonium 

formate and 0.75 M formic acid in methanol. During pressure-induced infusion, a 

strong decrease of the analyte signal is obtained. Voltage-induced infusion also 

provides strongly reduced signals. However, the migration time increased from 4.5 (0 

mM CD) to 18.3 min at 20 mM CD. Therefore, 30% of the analyte signal remained 

using 20 mM CD. From previous studies [16,17], it is known that the anionic CD has 

an overall mobility towards the capillary inlet and, thus, does not enter the ion 

source. Nevertheless, a significant loss of analyte signals is observed. This loss is 

caused by the sodium counter ions of the anionic CDs migrating into the ion source.  

These examples indicate that in EKC–MS the pressure and voltage based 

infusion modes will not always be effective and often do not provide an accurate 

picture of the effect of the PSP on the analyte ionization efficiency. The proposed 

method does allow assessment of the analyte ionization efficiency in CE/EKC–MS as a 

result of the composition of the BGE. 

 

 

ConclusionsConclusionsConclusionsConclusions    

    

A voltage-based infusion approach with analyte mobility adjustment was set-

up and evaluated. This mode of infusion experiments allows assessment of the effect 

of the BGE composition on the analyte ionization efficiency. Conventional pressure- 

and voltage based methods do not take analyte and BGE mobilities into account and, 

thus, results cannot be correlated to ionization efficiency as obtained during CE–MS.  

The presented method can effectively circumvent the limitations of the other 

methods by introducing a correction for the analyte mobility. The method does not 

describe the effect of the BGE on the limits of detection (LOD). It seems to provide an 

accurate illustration of the actual effect of the BGE on the ionization efficiency of the 

analyte during CE/EKC–MS. It also seems an useful tool to discriminate between 

effects of the actual composition of ions in the ion source on observed changes in the 
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detected analyte signals, and other aspects affecting the LODs in CE–MS. Some of 

those aspects are the effect of the BGE on the separation efficiency (peak width), and 

the noise levels which do affects the LOD but are not determined using this approach.  
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SummarySummarySummarySummary    

 

An on-line method for the coupling of micellar electrokinetic chromatography 

(MEKC) and mass spectrometry (MS) is presented which allows conventional MEKC 

conditions to be employed without further modification. The MEKC system is 

coupled directly to electrospray ionization (ESI) MS using a triaxial interface. A 

systematic study of the influence of the surfactant concentration, the nature and 

concentration of buffer salts and presence of organic modifier on the interface 

performance indicated the feasibility of the MEKC–MS approach. Effective 

interfacing of MEKC was achieved with both single quadrupole and ion-trap MS 

instruments. Using a background electrolyte containing 20 mM sodium dodecyl 

sulfate (SDS) and 10 mM sodium phosphate buffer, it is demonstrated that full MEKC 

runs of test mixtures of mebeverine and related compounds can be monitored by ESI-

MS with satisfactory sensitivity. Sub-µg/ml levels of the analytes can still be detected 

in full scan mode, while detection limits are in the 10–50 ng/ml range when selected 

ion monitoring is applied. It is shown that such sensitivity would allow full-scan MS 

detection of 0.1% (w/w) levels of potential impurities in mebeverine. With the ion-

trap instrument successful MEKC–MS/MS experiments were carried out providing 

information-rich MS spectra of the related compounds. Repeated MEKC–MS analyses 

proved that in the course of one day the migration time of mebeverine remained 

fairly constant while the MS-signal intensity only gradually decreased to 

approximately 65% of its original value. Once-a-day cleaning of the first part of the 

ion source, which takes only 5 min, suffices to preserve an optimal interface 

performance for a prolonged period of time. 
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IntroductionIntroductionIntroductionIntroduction    

 

Micellar electrokinetic chromatograpy (MEKC) is a powerful separation technique 

providing a high efficiency, selectivity and optimization flexibility. MEKC is suitable 

for the separation of both neutral and charged compounds, and allows analysis of a 

wide range of sample constituents. This can be very useful for e.g. drug-purity 

assessment where (part of) the impurities may be unknown prior to analysis [1,2]. 

Clearly, the coupling of micellar electrokinetic chromatography (MEKC) and mass 

spectrometry (MS) seems extremely attractive and advantageous, as it would combine 

a highly versatile separation technique with mass-selective and structure-elucidative 

detection. However, on-line MEKC–MS has often considered to be problematic due to 

potential interferences caused by the non-volatile surfactants and buffer salts in the 

background electrolyte. As a consequence, most current MEKC–MS approaches 

involve an adjustment or modification of the separation conditions in order to avoid 

ion-source contamination and loss of sensitivity caused by the micellar phase. The 

most common approach is the so-called partial-filling MEKC–MS technique in which 

the surfactant molecules are prevented from entering the mass spectrometer [3–9]. 

Unfortunately, under the required experimental circumstances the separation 

performance of these systems often is strongly compromised and specific optimization 

is needed for each analyte. Other approaches involve reverse migrating micelles [7,10] 

and the use of volatile [11] or high-molecular-weight [12–14] surfactants. Direct 

coupling of MEKC and MS applying sodium dodecyl sulfate (SDS) in phosphate and 

borate buffers has been reported using an atmospheric pressure chemical ionization 

(APCI) interface [15,16], but the sensitivity of the method appeared to be rather 

unfavourable. Using this type of interfacing, Isoo et al. [16] required a 100–600 fold 

preconcentration of the sample to achieve sub-µg/ml detection limits. For routine 

analysis, a direct coupling of conventional MEKC with electrospray-ionisation (ESI-

)MS would be most convenient, but until now this option has hardly been considered 

or investigated. The possibility of such an approach was mentioned only briefly as 

part of capillary electrophoresis (CE)–MS studies [17,18]. Applying selected-ion 

monitoring (SIM), Tanaka et al. [17] showed the ESI-MS detection of some test drugs 

(50–100 µg/ml) which were separated by MEKC using 80 mM SDS in a 50-mM 

ammonium carbonate buffer (pH 8.5). During analysis, however, the running buffer 

in the inlet vial did not contain SDS. Cheng et al. [18] indicated the possible analysis 

of drugs (1 mg/ml) by direct conjunction of MEKC and ESI-MS with a background 

electrolyte containing 20 mM SDS and 40 mM ammonium acetate (pH 9). 

In this paper the possibility of directly introducing non-volatile buffers containing 

SDS into the mass spectrometer is studied using a triaxial ESI interface. With the drug 
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mebeverine as test compound, the influence of buffer salts, surfactant concentration 

and presence of organic modifier on the interface performance and MS sensitivity is 

examined. The separation and detection of mebeverine and six related compounds at 

various concentration levels using on-line MEKC–MS is investigated. Furthermore, 

the utility of an ion-trap MS instrument to provide MS/MS spectra of the related 

compounds after their separation by MEKC is evaluated.  

 

 

ExperimentalExperimentalExperimentalExperimental    

 

Chemicals and materials 
Sodium dodecyl sulfate, boric acid, phosphoric acid, sodium hydroxide, formic 

acid, acetic acid, ammonium acetate and disodium hydrogenphosphate were 

purchased from Merck (Darmstadt, Germany). Methanol and acetonitril were from 

Biosolve (Valkenswaard, The Netherlands). Mebeverine ((±)-4-[ethyl[2-(4-

methoxyphenyl)-1-methylethyl]amino]butyl-(3,4-dimethoxy) benzoate; Fig. 1) and 

six related compounds were a gift from Solvay Pharmaceuticals (Weesp, The 

Netherlands). Deionized water was filtered and degassed before use. Fused-silica 

capillaries were from Composite Metal Services (The Chase, Hallow, UK) and flushed 

with 1 M sodium hydroxide (10 min) and water (10 min) prior to use. 

For the infusion experiments, 1-µg/ml mebeverine solutions were prepared in, 

respectively, formic acid (50 and 100 mM), ammonium acetate (25 and 50 mM), 

sodium phosphate buffer pH 2.1–2.5 (5 and 25 mM), sodium phosphate buffer pH 7.5 

(5 and 25 mM) and sodium borate buffer pH 9.3 (10 mM). In addition, solutions of 1 

µg/ml mebeverine in 100 mM formic acid and 10 mM sodium phosphate buffer (pH 

7.5) each with 1, 5, 10, 20 or 50 mM SDS were made. Test mixtures of mebeverine and 

related compounds were prepared in water at the following concentrations: (i) 10 

µg/ml each, (ii) 1 mg/ml mebeverine and 10 µg/ml of each related compound, and (iii) 

1 mg/ml mebeverine and 1 µg/ml of each related compound. For the MEKC 

experiments the background electrolyte contained 10 mM sodium phosphate (pH 7.5), 

20 or 50 mM SDS and 25% acetonitrile. The composition of the sheath liquid was 

acetic acid-methanol-water (1:50:50, v/v/v). 

CH3O CH2 CH

CH3

N

C2H5

[CH2]4 O C

O
OCH3

OCH3

Fig. 1. Molecular structure of mebeverine. 
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CE systems 
MEKC–MS was performed using a PrinCE CE system (Prince Technologies, 

Emmen, The Netherlands) with a 75-µm I.D. capillary of 75 or 100 cm. MEKC 

separations were always carried out at a voltage of 30 kV. In combination with the 

Platform MS, samples were typically injected using a pressure of 110 mbar for 18 s. 

During MEKC analysis with the Platform, a pressure of 75–90 mbar was applied to 

overcome the overpressure in the ion source (which occurred when the triaxial 

interface was used) and to assure a flow towards the capillary outlet. Prior to each 

analysis the capillary was flushed with fresh background electrolyte for 1 min at 1000 

mbar. During infusion experiments, the mebeverine solution under study was 

continuously pumped from the inlet vial through the capillary to the ESI interface 

applying a pressure of 150 mbar. In combination with the Agilent MS, samples were 

injected for 6 s at 25 mbar and no extra pressure was applied during analysis. In this 

case, the capillary was flushed with fresh buffer for 0.6 min at 2000 mbar before every 

analysis. 

MEKC with UV absorbance detection was carried out on a P/ACE MDQ system 

(Beckman Coulter, Fullerton, CA) equipped with a diode array detector. The capillary 

(75 µm I.D. × 57 cm) was thermostated at 25 °C. Sample was injected by applying a 

pressure of 35 mbar for 4 s, and the separation voltage was 30 kV. 
 
MS systems 

Coupling of MEKC and MS was performed utilizing triaxial interfaces in which the 

capillary effluent is mixed with a sheath liquid and nebulized by nitrogen gas. The 

flow rate of the sheath liquid was 5 µl/min in all cases. Initial experiments were 

carried out on a Platform quadrupole mass spectrometer (Micromass, Manchester, 

UK) equipped with an ESI source. The electrospray voltage was 3.3 kV and the 

nebulizing gas rate was 50 l/hr. Data were collected in full scan (180–600 m/z) at a 

scan rate of 3 s. In a later stage also an Agilent 1100 Series LC/MSD SL ion-trap mass 

spectrometer (Agilent Technologies, Waldbronn, Germany) equipped with an ESI 

source was used. With this instrument the electrospray voltage was 5.0 kV and the 

nebulizing gas pressure was adjusted to 15 p.s.i. In full scan mode, the scan range was 

150–600 m/z and 3 scans were averaged for one spectrum. To avoid overloading of the 

ion-trap, the ion accumulation time was automatically adjusted using the Ion-Charge-

Control option of the instrument. In MS/MS analysis, the voltage for the collision 

energy ranged from 0.45 to 1.70 V depending on the parent ion. 
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Results and DiscussionResults and DiscussionResults and DiscussionResults and Discussion    

 

Infusion experiments 
The influence of various buffers, SDS and acetonitrile on the MS signal of the test 

compound mebeverine (m/z 430) was determined by infusion of solutions into the 

Platform mass spectrometer. In order to mimic MEKC–MS conditions as much as 

possible, the mebeverine solutions in each respective buffer were pushed through the 

CE capillary to the ESI interface which merges the capillary effluent with sheath 

liquid prior to nebulization. Applying 150 mbar to the inlet, the resulting flow 

through the capillary was similar to a common electro-osmotic flow (EOF). No 

separation voltage was applied in this instance because it would have led to different 

flow rates and mobilities of mebeverine amongst the various tested buffers, thereby 

hindering a proper comparison. For consistency, the mebeverine intensity measured 

for a specific buffer solution was always expressed relative to the signal obtained for a 

solution in reference buffer analysed just before or after the solution under study. 

The effect of formic acid, ammonium acetate, sodium phosphate buffers and 

sodium borate buffer on the MS response of a 1-µg/ml mebeverine solution was 

studied (Fig. 2). As expected, the volatile formic acid and ammonium acetate show 

good MS compatibility. Although in principle MEKC can also be performed at low pH 

(applying a negative voltage), the use of phosphate and borate buffers at medium or 
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Fig. 2. Relative MS signal of 1 µg/ml mebeverine (monitored at m/z 430) in various buffers measured by 

infusion. The signal obtained for 1 µg/ml mebeverine in 100 mM formic acid (pH 2.6) was set at 100%. 

Legend, (A) 50 mM formic acid (pH 2.6), (B) 100 mM formic acid (pH 2.4), (C) 25 mM ammonium 

acetate (pH 6.6), (D) 50 mM ammonium acetate (pH 6.7), (E) 5 mM sodium phosphate (pH 2.5), (F) 25 

mM sodium phosphate (pH 2.1), (G) 5 mM sodium phosphate (pH 7.5), (H) 25 mM sodium phosphate 

(pH 7.5), and (I) 10 mM sodium borate (pH 9.3). 
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high pH is much more common and often required to achieve and maintain a good 

separation performance. However, phosphate and borate clearly reduce the MS signal 

of mebeverine (Fig. 2). This reduction can be fully attributed to ion suppression 

effects during ESI, and not to source fouling as the intensity was fully restored when 

the mebeverine solution in formic acid was measured again. The adverse effect of the 

sodium phosphate buffer increases with both its concentration and its pH. The latter 

phenomenon is probably caused by the presence of doubly charged phosphate and 

higher concentrations of sodium ions at pH 7.5. It should be noted, however, that 

even at 25 mM sodium phosphate (pH 7.5) the MS signal of mebeverine was still 

significant (about 10% of the signal obtained with formic acid) and could be measured 

reliably. 
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Fig. 3. Influence of the SDS concentration on the relative MS signal of 1 µg/ml mebeverine (monitored at 

m/z 430) in (A) 100 mM formic acid (pH 2.4), and (B) 10 mM sodium phosphate buffer (pH 7.5). Note 

that the 100% levels in (A) and (B) refer to different systems which have different absolute signal 

intensities (see Fig. 2). 
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The effect of SDS (0–50 mM) on the MS signal of mebeverine was also studied by 

infusion. SDS is a well-known and notorious suppressor of analyte-ion signals 

measure in positive-ion mode ESI-MS [11,19–21]. The addition of 1 mM SDS to a 

mebeverine solution (1 µg/ml in 100 mM formic acid (pH 2.4)) indeed seriously 

reduces the MS response. At higher SDS concentrations the mebeverine response 

further decreases (Fig. 3A), but the signal decline quickly becomes rather gradual and 

even with 50 mM SDS the molecular ion of mebeverine was still measurable (over 

20% of the signal obtained without SDS). Although the ESI process is well understood 

[22], the exact mechanism of analyte signal quenching by SDS has not yet been 

addressed. ESI essentially results from a continuous fission of charged parent droplets 

into smaller and smaller droplets from which finally analyte ions are transferred to 

the gas phase. In the process of droplet formation, the parent droplets first take an 

elongated shape forming a tail. Subsequently, smaller droplets with higher charge-to-

mass ratio emerge from the tail. To explain the suppression effects of anionic 

surfactants in the positive ion mode, Rundlett and Armstrong [19] have suggested that 

the offspring droplets contain the species that reside on the surface of the parent 

droplets. As the surfactant preferentially stays at the liquid–air interface, the droplets 

will be enriched in surfactant ions. Coulombic interactions of the oppositely charged 

surfactant and analyte ions will inhibit the transfer of analyte ions into the gas phase 

and, consequently, reduce the MS signal. With this suppression model in mind, one 

might speculate on why the adverse effect of an increasing SDS content slowly 

diminishes. Maybe a relatively small amount of SDS already suffices to largely saturate 

the surface of the charged electrospray droplets. Increase of the SDS concentration 

then does not lead to a proportionally higher surface coverage, and thus not to a 

proportional decrease of signal. 

MEKC with SDS as surfactant is commonly carried out at pH 6–10 using inorganic 

buffers, and also a certain percentage of organic modifier is often added to the 

background electrolyte. Therefore, the combined effect of SDS and sodium phosphate, 

as well as the influence of acetonitrile on the MS response of mebeverine (1 µg/ml) 

was investigated by infusion. A 10 mM sodium  phosphate buffer (pH 7.5) by itself 

already causes a loss in the MS response of mebeverine of about 75% when compared 

to a solution in 100 mM formic acid. Subsequent addition of SDS (1–50 mM) to the 

mebeverine solution in phosphate buffer shows a further MS-signal decrease with 

increasing SDS concentration (Fig. 3B), however, the extent of signal suppression was 

not very dramatic. Apparently, the ion-suppression effects of sodium phosphate and 

SDS are not cumulative. As expected, no negative or positive effects of acetonitrile on 

the MS detection of mebeverine were observed for electrolytes containing 10 mM 

sodium phosphate buffer (pH 7.5), 20 mM SDS and 5–25% acetonitrile. In comparison 
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with the volume of organic solvent provided by the sheath liquid, the small volumes 

of acetonitrile from the background electrolyte flowing to the interface are negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
On-line coupling of MEKC with single quadrupole MS 
The infusion experiments described above indicate that it should be possible to record 

significant MS signals from analytes under conventional MEKC conditions. In order 

to evaluate this, a test mixture of mebeverine and related compounds was analysed. As 

was determined by MEKC with UV absorbance detection (Fig. 4), this mixture could 

be separated using a background electrolyte of 10 mM sodium phosphate (pH 7.5), 20 

mM SDS and 25% acetonitrile. This separation system allowed us to study the 

combined effects of SDS, phosphate and acetonitrile in on-line MEKC–MS. Although 

the concentration of organic modifier is relatively high and the SDS concentration 

rather low, micellar distribution still plays a role under these circumstances [23]. 

Besides, at the end it is the amount of surfactant (irrespective of what form) reaching 

the interface that is responsible for signal suppression [19]. For on-line MS detection, 

the separation system was coupled directly to the Platform mass spectrometer via the 

triaxial ESI interface without taking any precautions to prevent surfactant or buffer 

from entering the mass spectrometer. In the positive ion mode, clusters of SDS, 

sodium, phosphate and/or acetate ions revealed some discrete but intense signals 

(mainly at m/z 105, 311, 393, 475 and 599) which, together with the stream of buffer 

ions, caused a continuously high total ion current (TIC). As a consequence, no 

apparent analyte signals were observed in the TIC trace when the mebeverine test 
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Fig. 4. MEKC–UV of a mixture of mebeverine and related compounds (10 µg/ml each) using a 

background electrolyte containing 10 mM sodium phosphate (pH 7.5), 20 mM SDS and 25% acetonitrile. 

The compounds are designated by the m/z values of their protonated molecular ions ([M+H]+). 
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mixture with component concentrations of 10 µg/ml each was analysed by MEKC–

MS. In the mass spectra recorded during the run, however, the pseudo-molecular ions 

([M+H]+) of the analytes could be discerned, although their intensity was relatively 

small when compared with the signals caused by the ion clusters from the background 

electrolyte (Fig. 5). Nevertheless, the significance of the analyte signals could be 

clearly demonstrated by the extracted-ion chromatograms constructed for the 

respective m/z values of the mixture compounds which show clear peaks with a 

satisfactory signal-to-noise ratio (Fig. 6A). Somewhat surprisingly under the applied 

ESI conditions the last migrating substance (a diamino compound) is mainly detected 

in its singly charged form (at m/z 513), although in solution at pH 7.5 it is 

diprotonated. 
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Fig. 5. Mass spectrum recorded at the apex of the mebeverine peak during MEKC–MS of a mixture of 

mebeverine and related compounds (10 µg/ml each). Background electrolyte, see Fig. 4. The m/z values 

of ion clusters from the background electrolyte are printed italic. 
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Since the TIC trace did not reveal the analytes and the construction of the 

extracted-ion chromatograms of Fig. 6A required foreknowledge on the sample 

constituents, one may ask whether it is possible to detect unknown compounds. In 

this respect it is important to note that distinct peaks were only observed in the 

extracted-ion chromatograms of m/z values corresponding to the test compounds. 

Other m/z values yielded chromatograms consisting of mere base lines with random 

noise. In order to reveal unknown compounds detected by MEKC–MS, we now 

envision a software program that constructs all extracted-ion chromatograms in a 

predefined region (e.g. m/z 100–600) and subsequently checks each chromatogram for 

the presence of peaks (applying a common integration routine). The selection of 

chromatograms with discrete peaks in principle should represent all detected 

components of an analysed sample, including unknowns. We will investigate the 

feasibility of this data-handling approach in the near future.  

From the viewpoint of both achievable sensitivity and impurity profiling, it is 

interesting to see if low levels of analytes can be detected in an excess of the parent 

Fig. 6. MEKC–MS of a mixture of mebeverine and related compounds. Background electrolyte, see Fig. 4. 

Compound concentrations: (A) 10 µg/ml each, and (B) 1 mg/ml of mebeverine and 1 µg/ml of every 

related compound. 
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drug. Therefore, a 1-mg/ml solution of mebeverine was prepared with the related 

compounds at 1 µg/ml, mimicking a 0.1% (w/w) level of impurities. MEKC–MS 

analysis of this sample revealed that all related compounds can still be detected (Fig. 

6B). The peak of the related compound with m/z 416 is now broadened, probably 

because it partly overlaps with the overloaded mebeverine band. The wide band in 

the m/z-248 extracted-ion trace originates from a minor fragment of mebeverine that 

arises during ESI. The analyte detectability could be further improved by SIM. Using 

this mode with the ion-trap mass spectrometer (see below), the MS detection limits 

for the related compounds were in the 10–50-ng/ml region, which is quite favourable 

for a MEKC-based method permitting detection of specified impurities below the 

0.01% level. The MEKC–MS system was further challenged by raising the 

concentration SDS up to 50 mM and leaving the further conditions unchanged. With 

this system the detectability in the extracted-ion chromatograms (obtained in the full 

scan mode) somewhat deteriorated by enhanced suppression effects so that some 

related compounds in the 0.1% mixture could no longer be detected. 

Comparison of Figs. 4 and 6A indicates that in the MEKC–MS system some extra 

band broadening occurs which, however, does not seem essentially different from 

broadening more often observed in CE–MS using a triaxial interface (see e.g. ref. 18). 

The major sources of the extra band broadening most probably are the mixing of the 

capillary effluent with sheath liquid and the laminar flow resulting from pressure 

differences across the capillary during analysis. The latter is quite likely to occur in 

CE–MS or MEKC–MS. In this particular case, the design of the Platform ion source is 

such that an overall overpressure arises at the capillary outlet when used with a 

triaxial interface. It appeared not easy to precisely compensate this overpressure. 

Therefore, during MEKC–MS analysis with the Platform instrument, a relatively large 

hydrodynamic pressure was always applied at the inlet vial in order to ensure a 

continuous flow towards the MS detector under all circumstances. In other cases, like 

with the Agilent ion-trap set-up, the nebulizing gas causes an underpressure at the 

capillary outlet and, consequently, a continuous suction of background electrolyte. 

Preliminary experiments in our laboratory indicate that accurate cancelling of these 

pressure differences over the capillary may lead to significantly improved plate 

numbers in CE–MS and MEKC–MS. We are currently studying this remedy in more 

detail and will report on it in another paper. 

In order to check whether the MS system is capable of handling the continuous 

supply of non-volatile surfactants and salts in the course of one day, a mebeverine 

solution (25 µg/ml) was repeatedly analysed by MEKC–MS using a background 

electrolyte of 10 mM sodium phosphate (pH 7.5), 20 mM SDS and 25% acetonitrile. 

Like in normal MEKC, before every analysis (runtime, 30 min) the capillary was 
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flushed with fresh background electrolyte without decoupling the capillary outlet 

from the interface. Each injection of mebeverine yielded a good-quality extracted-ion 

chromatogram (m/z 430) with a prominent peak. During the day, the migration time 

of mebeverine remained fairly constant, while the absolute peak intensity showed a 

slow decrease in time (Fig. 7). This loss of sensitivity might be caused by a gradual 

fouling of the ion source. Of course, it will be inevitable that some part of the non-

volatile salts that are led into the MS will deposit in the ion source. The sensitivity 

was simply restored by removing the white deposit from the first part of the ion 

source with water and ethanol (a 5-min procedure). This cleaning was carried out 

after each day or every 10–15 MEKC–MS runs. If required, e.g. after a full week of 

extensive use of SDS-containing buffers, the complete ion source was cleaned to 

regain optimal MS performance. 

 

On-line coupling of MEKC with ion-trap MS 

As the results obtained with on-line MEKC–MS using a single stage mass 

spectrometer were quite promising, we decided to study the direct coupling of MEKC 

to an ion-trap mass spectrometer as well. With this instrument MSn experiments can 

be carried out, allowing the gain of structural information (and possibly structural 

elucidation) of unknown compounds. Obviously, the successful on-line coupling of 

MEKC with such an instrument would be very beneficial. Since the used Platform 

and Agilent ion trap mass spectrometers considerably differ in design of the ESI 

interface (in-axis vs. orthogonal spray), ion source and mass analyzer, the feasibility of 

feeding SDS and phosphate containing buffers directly into the ion-trap instrument 

was first checked by infusion experiments. Similar results were obtained as described 
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Fig. 7. Repeated MEKC–MS analysis of 25 µg/ml mebeverine. Background electrolyte, see Fig. 4. 

Symbols: g, signal intensity of mebeverine monitored at 430 m/z; n, migration time of mebeverine. The 

mebeverine solution was injected at 45-min intervals. 
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in Section 3.1 leading to the same overall conclusion: SDS and sodium phosphate 

seriously suppress analyte signals measured by the ion trap system, but the signals 

remain sufficiently high to allow detection of relevant analyte concentrations. 

Using the ion-trap instrument, on-line MEKC–MS analysis of the test mixture 

(each component 10 µg/ml) with the background electrolyte containing 10 mM 

sodium phosphate, 20 mM SDS and 25% acetonitrile provided results analogous to 

Fig. 6A. In this instance, however, the last migrating compound was mainly detected 

as doubly charged species at m/z 257. MS/MS detection of the mixture constituents 

separated by MEKC yielded some good-quality spectra for which the major fragment 

ions are listed in Table 1. In this preliminary stage, the conditions for collision-

induced dissociation were chosen such that the parent ions remained detectable in the 

product spectrum. The obtained intensities of the fragment ions indicated that useful 

spectra can be obtained down to 1–5 µg/ml injected concentration. Clearly, the 

obtained spectra reflect the common origin of the related compounds which almost 

all show fragments at m/z 121 and 149. Based on the molecular structure of 

mebeverine, a structure proposal for the fragments observed at m/z 121, 149, 237, 248 

and 365 could be given. Such MS/MS information evidently would be very useful 

when the presence of a specific impurity has to be determined with high reliability, or 

when identification of unknown compounds is pursued.  

 

 

 
Table 1. Pseudo-molecular ions and their major collision-induced fragment ions for mebeverine and 

related products as recorded during MEKC–MS/MS of test mixture containing 10 µg/ml of each 

component.a 

Pseudo-molecular ion (m/z) Major fragment ions (m/z) 

194 149, 121 

248 149, 121 

266 149, 121 

416 149, 121 

430 248, 149, 121 

502 248, 237, 149 

257 365, 248, 149, 121 
a Background electrolyte, 10 mM sodium phosphate (pH 7.5), 20 mM SDS and 25% acetonitrile. 
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ConclusionsConclusionsConclusionsConclusions    

    

On-line MEKC–MS by direct introduction of the background electrolyte into an 

electrospray ion source was accomplished. The coupling was employed successfully 

under conventional MEKC conditions with a background electrolyte containing SDS, 

sodium phosphate buffer and organic modifier. Although significant suppression of 

the analyte signal occurs, using extracted-ion chromatograms (obtained in the full 

scan mode) detection limits of about 1 µg/ml are achieved, whereas MS detection 

below 100 ng/ml is possible when SIM is used. Such a sensitivity will be quite 

sufficient for several relevant analytical queries like, as indicated in this study, the 

impurity profiling of drugs. The direct coupling of MEKC with an ion-trap instrument 

with MSn capabilities is also demonstrated yielding a hyphenated technique with very 

interesting analytical potential. 

The considerable analyte signals that we have observed in the presence of SDS, 

seem contradictory to the rather common perception that SDS completely destroys 

analyte ion signals [18]. However, the latter may be only valid for ESI set-ups that do 

not encompass the low volume flow in MEKC and the influence of a sheath liquid. 

Without sheath liquid, the surfactant-analyte ratio entering the ion source is actually 

much larger, which may lead to a more extensive loss of signal. The fact that we have 

obtained similar MEKC–MS results with instruments with quite different ion-source 

designs, further supports our conclusion that coupling of MEKC and ESI-MS by direct 

introduction of the background electrolyte is feasible. Various aspects such as 

quantitative analysis, detection of unknown compounds and data handling to 

distinguish analyte signals from background noise, still need attention. Also the 

sheath liquid composition was not yet really optimized for MEKC–MS purposes. 

Especially the possible addition of substances to the sheath liquid that would 

attenuate the adverse effects of SDS in ESI might be intriguing. 
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SummarySummarySummarySummary    

    

Previously, we have presented a system hyphenating continuous micellar 

electrokinetic chromatography (MEKC) with electrospray ionization mass 

spectrometry (ESI-MS). Here we evaluate this technique for its applicability in 

impurity profiling of drugs using galantamine and ipratropium as test samples. A 

background electrolyte (BGE) of 10 mM sodium phosphate (pH 7.5), 12.5-15% 

acetonitrile and 20 mM sodium dodecylsulfate (SDS) was used for the MEKC–MS 

analysis of a galantamine sample containing a number of related impurities, and a 

heat-treated solution of ipratropium containing a number of unknown degradation 

products. MEKC provided efficient separation of all sample constituents. Despite the 

presence of non-volatile BGEs, all impurities in the galantamine sample could be 

detected by ESI-MS in their respective extracted ion traces (XICs) with a detection 

sensitivity in the sub-μg/ml range (full-scan mode). MS/MS detection provided useful 

product spectra allowing the structural characterization of the respective galantamine 

impurities. With the MEKC–MS/MS system, two degradation products could be 

revealed and identified in the heat-stressed ipratropium sample. The presented 

method shows good potential for the detection and structure elucidation of minor 

impurities in drug substances.   
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IntroductionIntroductionIntroductionIntroduction    

    

Micellar electrokinetic chromatography (MEKC) is a powerful mode of 

capillary electrophoresis (CE) in which charged surfactants, such as sodium 

dodecylsulphate (SDS), are added to the background electrolyte (BGE) at 

concentrations above the critical micelle concentration (CMC). As the charged 

micelles (pseudo-stationary phase) and the BGE (aqueous phase) will move with 

different velocities when high voltage is applied, differential partitioning of analytes 

between the phases leads to separation. MEKC actually employs the combined effects 

of partitioning and electrophoretic mobility of the compounds, and can be used for 

the analysis of both neutral and charged compounds [1-3]. Like any CE technique, 

MEKC provides high separation efficiencies. MEKC has a wide applicability and has 

proven to be a valuable tool for the impurity profiling of drugs where (related and 

unrelated) impurities and degradation products, which may be partly unknown, have 

to be separated from the main compound [4-7]. Next to the number of impurities, also 

the identity of the impurities has to be elucidated when their relative concentration 

exceeds 0.1%. 

Structure elucidation of analytes after separation is most commonly achieved 

by coupling with mass spectrometry (MS). Unfortunately, direct coupling of MEKC 

with electrospray ionization MS (ESI-MS) is often considered problematic because of 

the high concentrations of non-volatile constituents, like buffers salts and surfactants, 

as commonly applied in MEKC BGEs [8,9]. Consequently, so far coupling of MEKC 

and MS has been mainly achieved by so-called partial filling techniques in which the 

surfactant molecules are prevented from entering the ion source of the mass 

spectrometer [8,10]. However, recently we have demonstrated that direct coupling of 

MEKC and MS is feasible applying conventional separation conditions [11-13]. MEKC 

runs of test mixtures of drugs using a BGE of 20 mM sodium dodecyl sulfate (SDS) and 

10 mM sodium phosphate buffer (pH 7.5) could be monitored by ESI-MS [11,13]. 

Despite ionization suppression by the non-volatile BGE constituents, significant 

analyte signals could still be measured indicating a sensitivity that might be sufficient 

for drug impurity profiling at the 0.1% level. Furthermore, repeated MEKC–ESI-MS 

analyses showed that the salts and surfactants did not seriously affect the performance 

of the mass spectrometer. 

In this paper, the potential of the continuous MEKC–ESI-MS approach for 

impurity profiling is tested using samples of the drugs galantamine and ipratropium. 

Galantamine (Reminyl®) is both an acetylcholinesterase inhibitor and a nicotine 

receptor agonist, and is primarily used for the treatment of mild to moderate 

Alzheimer’s disease [14]. Ipratropium is an anticholinergic agent which is used as a 
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bronchodilator in the treatment of asthma [15]. A test sample of galantamine spiked 

with a number of related compounds at the 0.25% level was analyzed in order to 

evaluate the usefulness of the MEKC–MS/MS system to separate and identify drug 

impurities. The MEKC–ESI-MS/MS method was further evaluated by the analysis of a 

heat-stressed ipratropium sample containing some unknown degradation products. It 

is demonstrated that despite the presence of non-volatile surfactant and buffer 

constituents, highly useful structural data can be obtained for the analyzed impurities.  

 

 

ExperimentalExperimentalExperimentalExperimental    

 

Chemicals and materials 
Sodium dodecyl sulfate (SDS), phosphoric acid, sodium hydroxide, formic 

acid, triethylamine, and disodium hydrogenphosphate were purchased from Merck 

(Darmstadt, Germany). Methanol and acetonitrile were from Biosolve (Valkenswaard, 

The Netherlands). Galantamine and related compounds were from Johnson & Johnson 

Pharmaceutical Research and Development (Beerse, Belgium). The identity of the 

related compounds was as follows: 1. galantamine-N-oxide, 2 norgalantamine, 3. 

dihydrogalantamine, 4. narwedine, 5. epi-galantamine and 6. dehydrogalantamine. 

Full molecular structures can be found in ref. 16. Ipratropium was obtained from the 

Canisius Wilhelmina Hospital (Nijmegen, the Netherlands). Fused-silica capillaries 

were from Polymicro Technologies (Phoenix, AZ, USA) and flushed with 1 M sodium 

hydroxide (10 min) and water (10 min) prior to use. 

Stock solutions of galantamine (5 mg/ml) and the related compounds (1 mg/ml 

each) were prepared in methanol. A mixture of galantamine (1 mg/ml) and related 

compounds (2.5 μg/ml each) was prepared by mixing the stock solutions in the proper 

ratio and deluting with water, representing 0.25% impurity levels. Accelerated 

degradation of ipratropium was achieved by storing a solution of 1 mg/ml for 32 days 

at 80 °C. For the CZE experiments, BGEs of 10-50 mM sodium phosphate (pH 2.5 and 

pH 7.5) and 25 mM sodium borate (pH 9.3) were used. The phosphate buffers were 

prepared by mixing equimolar solutions of phosphoric acid and disodium 

hydrogenphosphate of the proper concentration to the desired pH. The sodium borate 

buffer was prepared by adjusting a 25-mM sodium borate solution to pH 9.3 with a 2-

M sodium hydroxide solution. For the MEKC experiments, the BGE contained 10 mM 

sodium phosphate (pH 7.5), 20 mM SDS and 10-15% acetonitrile. The BGE was 

prepared by adjusting a 15-mM solution of disodium hydrogenphosphate with 15 mM 

phosphoric acid to a pH 7.5. Subsequently, acetonitrile and water were added to the 

buffer until a final concentration of 10 mM phosphate and 10-15% acetonitrile. 
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Finally, SDS was dissolved in the proper concentration. The BGEs were sonicated 

prior to use. The composition of the sheath liquid was formic acid-acetonitrile-water 

(0.1:75:25, v/v/v), which was shown to provide the best performance in terms of 

sensitivity and stability.  

 

CE and LC systems 
MEKC with UV absorbance detection was carried out on a P/ACE 5510 

system (Beckman Coulter, Fullerton, CA) or an Agilent Technologies HPCE (Agilent 

Technologies, Waldbronn, Germany), both equipped with a diode array detector. The 

capillaries had an I.D. of 75 µm and a length of 57 cm (Beckman system) or 48.5 cm 

(Agilent system) and were thermostated at 20 °C. Sample was injected by applying a 

pressure of 35 mbar (3500 Pa) for 4 s, and the separation voltage was 30 kV. Detection 

was performed at a wavelength of 214 nm (bandwidth 10 nm).  

MEKC with MS detection was performed using a PrinCE CE system (Prince 

Technologies, Emmen, The Netherlands) with a 75-µm I.D. capillary of 57 or 85 cm 

which was not thermostated. The separation voltage was 30 kV and samples were 

injected using a pressure of 35 mbar for 6 s. During MEKC–MS analyses, a pressure of 

approx. -20 mbar (-2000 Pa) relative to ambient pressure was applied at the inlet vial 

to minimize the hydrodynamic flow in the capillary caused by the suction effect of 

the nebulizer gas. The overall capillary flow rate during a MEKC run was ca. 500 

nl/min. Prior to each analysis the capillary was flushed with fresh background 

electrolyte for 1 min at 2000 mbar (4-7 capillary volumes). During capillary 

conditioning, the electrospray voltage and the nebulizer gas flow were switched off to 

prevent excessive contamination of the ion source. 

Liquid chromatography (LC) was performed using a Shimadzu LC system 

(Shimadzu Benelux, ‘s-Hertogenbosch, the Netherlands) equipped with a UV detector 

(detection wavelength, 210 nm). A HP Hypersil BDS-C18 column (Agilent 

Technologies, Waldbronn, Germany) was used in combination with a mobile phase 

consisting of 80% water-triethylamine (79:1, v/v) adjusted to pH 2.5 using phosphoric 

acid and 20% methanol at a flow rate of 0.5 ml/min.  

 
MS system 

MEKC was coupled to MS using a triaxial sheath liquid interface of Agilent 

Technologies (Waldbronn, Germany). An Agilent 1100 Series LC/MSD SL ion-trap 

mass spectrometer (Agilent Technologies) equipped with an ESI source was used. The 

MS was operated in positive ion mode and the electrospray voltage was optimized and 

set to +5.0 kV. The sheath liquid was administered using a KDS100 syringe pump (KD 

Scientific, Holliston, MA, USA) at a flow rate of 5 µl/min in all cases. The nebulizing 
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gas pressure was adjusted to 15 p.s.i. (103 kPa). In full scan mode, the scan range was 

150–600 m/z and 3 scans were averaged for one spectrum leading to a data acquisition 

rate of ca. 3 Hz. The Ion-Charge-Control option of the instrument was enabled to 

avoid overloading of the ion-trap. In MEKC–ESI-MS/MS analysis, the m/z-values of 

the target compounds to be fragmented were manually provided to the software, and 

the fragmentation voltage was self-regulated by the software. Cleaning of the ion 

source was done weekly according the manual of the MS instrument. During this 

procedure, the source was removed from the mass spectrometer and thoroughly 

rinsed with a mixture of methanol-water (50:50, v/v). The spray shield was cleaned 

daily by wiping it with a tissue wetted with the water-methanol mixture. 

 

Analysis of MS data 
Minor compounds often cannot be distinguished in the total-ion 

chromatogram (TIC) trace because of the relative strong contribution of BGE 

constituents to the MS signal. Signals from (unknown) minor compounds such as 

impurities were revealed from the dataset using a simple home-made program which 

can handle data as produced by the Agilent acquisition software. Briefly, the program 

automatically checks each extracted-ion chromatogram (XIC) for relevant peaks using 

both an intensity and a peak width criterion. The peak intensity should be at least 

twice the intensity of the average signal (i.e., base line) of the respective XIC, and the 

peak width should be in the 0.01-0.2 min range (narrower peaks are considered to be 

spikes, broader peaks do not originate from sample constituents). The resulting XICs 

are plotted for visual inspection. This way, relevant analyte signals could be revealed 

effectively.  

    

    

Results and DiscussionResults and DiscussionResults and DiscussionResults and Discussion    

 

MEKC–MS of galantamine 
Optimization of the separation of a mixture of galantamine (1 mg/ml) and six 

related potential impurities was performed using MEKC–UV. A BGE containing SDS, 

acetonitrile and 10 mM sodium phosphate buffer (pH 7.5) was used, and the 

concentrations of SDS and acetonitrile were varied. It was found that all constituents 

could be separated when the SDS concentration was 20 mM or higher, and the BGE 

contained 10-15 % acetonitrile, however optimum resolution was obtained using 15% 

acetonitrile. In a previous study on continuous MEKC–MS, we showed that 

significant analyte MS signals could still be recorded under stable electrospray 

conditions when the SDS concentration was not higher than 20 mM SDS [13]. 
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Therefore, a BGE of 20 mM SDS, 10 mM sodium phosphate (pH 7.5) and 15% 

acetonitrile was used for the MEKC–ESI-MS analysis of the galantamine sample 

yielding a nice separation (Fig. 1). Compared to the capillary zone electrophoresis 

(CZE) analysis using a volatile buffer, as reported in ref. 16, MEKC provides additional 

selectivity. With MEKC, the separation window is larger leading to an overall 

improved  resolution. For instance, in contrast to CZE, an isomeric impurity of 

galantamine (peak 5, Fig. 1) could now be separated, and also a neutral compound 

could be resolved from the system peak caused by the electroosmotic flow (peak 1, 

Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The MEKC system was directly coupled to an ion-trap mass spectrometer 

equipped with an ESI source using a triaxial sheath liquid interface without 

preventing the micelles from entering the ion source. Besides a peak for galantamine, 

no signals of other compounds could be distinguished in the TIC due to the relatively 

strong contribution of sodium-SDS adducts to the total signal [13]. However, signals 

originating from the related compounds could clearly be distinguished in the 

respective XICs without interference of SDS related signals (Fig. 2). The main 

compound galantamine migrates at about 5.8 min and is detected as its pseudo-

molecular ion at m/z 288. The same XIC reveals an isomeric potential impurity (peak 

Fig. 1. MEKC–UV of a mixture of 1 mg/ml galantamine and six related compounds (1-6) at 0.25% relative 

to the main compound, using a BGE containing 10 mM sodium phosphate (pH 7.5), 20 mM SDS and 15% 

acetonitrile, and the Agilent Technologies CE system. Capillary length, 48.5 cm. Compounds 1-6, see 

Experimental section. 
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5 at 6.2 min). The related compound with m/z 290 (peak 3) is just separated from a 

band caused by galantamine molecules containing two 13C isotopes. The XIC at m/z 

270 shows a related compound (peak 6), but also an irregular band at 5.8 min which 

coincides with the galantamine peak. This band is most probably caused by a neutral 

loss of water occurring during the ESI of galantamine (i.e. in-source fragmentation). 

The latter underlines the importance of separating impurities from the main 

compound prior to MS analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In comparison to the MEKC separation using UV detection, the migration 

window is somewhat compromised, however, the separation of all constituents is fully 

preserved. The plate numbers are quite satisfactory ranging from 75,000 to 170,000 

plates indicating that no serious band broadening is induced by the sheath-liquid 

interface. Considering the observed signal-to-noise ratios and the concentration of the 
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analyzed related compounds with respect to galantamine (i.e. 0.25%), the overall 

sensitivity of the method allows detection of the related compounds at a level lower 

than 0.1% relative to the main compound, being a critical level in analysis of 

pharmaceutical substances. The detectability for the isomeric compound detected in 

the XIC of galantamine (m/z 288) is somewhat reduced due to the increased 

background and noise levels after elution of the overloaded main compound. 
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Fig. 3. Product spectra and molecular structures of (A) galantamine (m/z 288) and related compounds 

with (B) m/z 270 and (C) m/z 290 obtained during MEKC–ESI-MS/MS analysis of the mixture of 

galantamine and related compounds. BGEs and capillary length, see Fig. 2. 
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The m/z-values of the related compounds were manually provided to the software and 

the sample was separated again by MEKC now applying ESI-MS/MS detection. In this 

way, for all six related compounds information-rich MS/MS-spectra were obtained 

which can be used to elucidate and/or confirm the identity of impurities. The 

obtained MS/MS spectra largely correspond to the spectra obtained by Visky et al. 

[16] who used CE–ESI-MS/MS for the analysis of a corresponding galantamine sample 

using a volatile BGE. This suggests that representative ESI-MS/MS spectra can indeed 

be obtained in presence of non-volatile buffer and surfactant, and that relevant and 

useful data are acquired. Some typical product spectra, i.e. of galantamine (m/z 288) 

and the related compounds with m/z 270 and m/z 290, are presented in Fig. 3. 

Interpretation of the various fragment masses is depicted in the respective mass 

spectra together with the corresponding molecular structures of the analytes. The 

related compound with m/z 270 is a degradation product of galantamine (a water 

molecule has been split off). The product spectrum (Fig. 3B) indeed shows that this 

compound exhibits a similar fragmentation pattern as galantamine, however, no 

fragments corresponding to a loss of water (18 Da) are observed. The related 

compound detected at m/z 290 corresponds to a galantamine like structure lacking a 

double bond (Fig. 3C). This is confirmed by MS/MS detection which shows the same 

fragmentation as galantamine with fragments that are increased with 2 Da when 

compared to galantamine.  

 

MEKC–MS of ipratropium 
The applicability of the continuous MEKC–ESI-MS system was further 

evaluated using a solution of 1 mg/ml ipratropium which was stored at 80 ºC for 32 

days. Initially, the degraded sample was analyzed by LC–UV, CZE–UV and MEKC–

UV. LC–UV using a reversed-phase column and a low-pH mobile phase revealed two 

degradation products at the retention times 11.5 min and 26.5 min, respectively, next 

to the ipratropium main peak (8.0 min). Analysis of this sample using CZE applying 

BGEs of 10-50 mM sodium phosphate (pH 2.5 and 7.5) and 25 mM sodium borate (pH 

9.3), showed only one degradation product. Applying MEKC–UV with a BGE 

containing 20 mM SDS, 10 mM sodium phosphate (pH 7.5) and 12.5% acetonitrile, 

again two degradation products were found with migration times of 5.9 min and 14.3 

min, with ipratropium migrating at 12.6 min. The peak areas of the two degradation 

products relative to the main compound as observed in LC–UV and MEKC–UV 

(detection wavelength, 210 nm) corresponded well. In LC–UV the relative peak areas 

were 7.1 % and 1.9 % for the respective degradation products, whereas with MEKC–

UV 7.6 % and 1.9 % was found.  
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With MEKC–ESI-MS, ipratropium was detected as its molecular ion (m/z 332) 

but no degradation products could be observed in the TIC. Automated checking of all 

XIC traces (see Experimental Section) revealed two degradation products at m/z 184 

and m/z 314, respectively, exhibiting a nice separation (Fig. 4). In order to identify the 

two unknown degradation products, MS/MS detection was carried out yielding good 

product spectra without interference of the non-volatile BGE constituents (Fig. 5A). 

Firstly, we discuss the product spectrum of ipratropium (Fig. 5AI). The most 

prominent peak (m/z 166) in this spectrum is most likely the result of a neutral loss of 

tropic acid (166 Da). Furthermore, the two minor peaks at m/z 124 and m/z 290 point 

at a loss of the isopropyl functionality (C3H7) from the quaternary ammonium group. 

MS/MS of the second degradation product with m/z 314 results in fragments which 

partly are identical to the fragments obtained for ipratropium (Fig. 5AII). The 

observed peak at m/z 166 and the peaks at m/z 124 and 272 (loss of isopropyl), 

together indicate that the double ring structure with the quaternary ammonium 

group is present in this degradation product. The mass difference between the 

molecular ions of ipratropium and this degradation product (i.e. 18 Da) can be 
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explained by the formation of a double bond in the tropic acid moiety accompanied 

by the split off of a water molecule resulting in the formation of apo-ipratropium (Fig. 

5BII). This degradation product was also reported by Simms et al [17]. 

The first eluting degradation product with m/z 184 is most probably the result 

of the hydrolysis of the ester bond in ipratropium leading to the loss of the tropic acid 

moiety (Fig. 5BIII). The loss of isopropyl observed in the MS/MS spectrum of this 

compound (Fig. 5AIII) confirms the presence of the double ring structure containing 

the quaternary ammonium group. Interestingly, the proposed molecular structure 

(Fig. 5BIII) has no UV chromophore and, thus, cannot be observed with MEKC–UV. 
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Fig. 5. (A) Product spectra of ipratropium and its degradation products obtained during MEKC–ESI-

MS/MS analysis of the heat-treated ipratropium solution. I, spectrum of ipratropium (m/z 332); II, 

spectrum of second degradation product (m/z 314); III, spectrum of first degradation product (m/z 184). 

(B) (Proposed) molecular structures of (I) ipratropium, (II) second degradation product, and (III) first 

degradation product. 
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Therefore, we suspected the first degradation product we observed in MEKC–UV to 

be tropic acid (see above) which shows significant UV absorbance, but probably no or 

a poor response in ESI-MS when positive-ion mode is used. Analysis of a standard 

solution of tropic acid by MEKC–UV (clear peak at 5.9 min) and MEKC–MS (no peak) 

confirmed our assumption. This example nicely demonstrates the usefulness of 

employing different detection techniques in impurity profiling. 

    

ConclusionsConclusionsConclusionsConclusions    

    

Continuous MEKC–ESI-MS was successfully applied for the analysis and 

characterization of impurities in drug substances. Despite ionization suppression by 

non-volatile buffer and surfactant, MS detection of impurities present around the 

0.1% level was still possible. The resulting TIC was less useful for impurity detection 

due to background signals by surfactant molecules, but automated checking of all XIC 

traces revealed the MS signals of minor constituents. Furthermore, representative 

MS/MS spectra could be obtained which were demonstrated to be useful for 

identification of unknown sample constituents.  

The presented method has shown to be useful for the qualitative analysis of 

various impurities. However, quantitation using this approach will be less 

straightforward due to the potentially non-linear ion suppression by non-volatile BGE 

constituents. We are now studying the use of internal standards to overcome this 

limitation and will test the use of continuous MEKC–ESI-MS(/MS) for quantitative 

analysis.  
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SummarySummarySummarySummary    

 

In this study, the on-line coupling of capillary electrophoresis (CE) and mass 

spectrometry (MS) via atmospheric pressure photoionization (APPI) is demonstrated. 

To achieve CE–APPI-MS, an adapted coaxial sheath-flow interface was combined 

with an ion-trap mass spectrometer equipped with an APPI source originally designed 

for liquid chromatography–MS. Effective photoionization of test compounds was 

accomplished after optimization of several interface and MS parameters, and of the 

composition and flow rate of the sheath liquid. Further enhancement of the 

ionization efficiency could be achieved by adding a dopant, such as acetone or 

toluene, to the sheath liquid to aid indirect ionization. Acetone significantly increased 

the ionization of the polar test compounds by proton transfer, while toluene was more 

useful for the enhanced formation of molecular ions from non-polar compounds. The 

effect of several common CE background electrolytes (BGEs) on the APPI-MS 

response of the analytes was also studied. It appeared that in contrast with 

electrospray ionization, non-volatile BGEs do not cause suppression of analyte signals 

using APPI. Therefore, in CE–APPI-MS, a variety of buffers can be chosen, which 

obviously is a great advantage during method development. Remarkably, also sodium 

dodecyl sulfate (SDS) did not affect the photoionization of the test compounds, 

indicating a strong potential of APPI for the on-line coupling of micellar 

electrokinetic chromatography (MEKC) and MS.    
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IntroductionIntroductionIntroductionIntroduction    

 

Capillary electrophoresis (CE) in its different modes is a very powerful 

separation technique for a wide range of analytical queries. CE can achieve highly 

efficient separations of compounds such as drugs (and their enantiomers), amino acids 

and peptides in relatively short analysis times. To fully exploit the potential of CE, its 

coupling to a structure-elucidative and sensitive detection technique like mass 

spectrometry (MS) is essential. Until now, electrospray ionization (ESI) has been the 

predominant ionization method for the on-line combination of CE and MS [1]. This 

can be explained by the fact that both CE and ESI usually deal with analytes that are 

ions (or are ionizable) in solution. Numerous CE–ESI-MS methods and their 

applications have been described [1–4]. Nevertheless, the use of ESI also has some 

inherent drawbacks. The ESI of analytes can be adversely affected by the presence of 

other ionic species such as buffer salts. These may cause serious ion suppression and, 

thus, reduced or even complete loss of analyte signals [5, 6]. Therefore, in CE–MS, 

volatile buffers such as ammonium formate or acetate are commonly used as CE 

background electrolyte (BGE), although non-volatile buffers as sodium phosphate and 

borate often provide significantly better peak shapes and separation efficiencies. 

Another point of concern is that less polar compounds which lack basic or acidic 

groups cannot be ionized by ESI, and therefore remain undetected in CE–ESI-MS.  

In order to extend the applicability of CE–MS, it would be advantageous to 

have alternative interfacing/ionization modes available. To date, only a few studies on 

the feasibility of atmospheric pressure chemical ionization (APCI) for CE–MS have 

been reported [7–9]. Although ionization was achieved for some test compounds, the 

sensitivity of the CE–APCI-MS systems was rather poor. Further optimization of the 

interfacing is still required to make APCI a viable option for CE–MS.  

Atmospheric pressure photoionization (APPI) is the newest mode in the field 

of soft ionization techniques suitable for coupling liquid-phase separations to MS [10]. 

Recently, APPI sources have become commercially available for liquid 

chromatography (LC) and over the last few years several LC–APPI-MS studies have 

been described [11–17]. In these APPI sources, compounds are firstly vaporized and 

then ionized by high-energy photons emitted by a discharge lamp. Until now, in most 

cases, a Krypton lamp has been used, which primarily emits photons of 10.0 eV and in 

minor abundance photons of 10.6 eV. Compounds with an ionization potential (IP) 

below the energy of the lamp, in principle can be directly ionized. Frequently used 

solvents as water, methanol and acetonitrile have IPs above 10 eV and remain 

unaffected causing no background signals. To induce or enhance photoionization of 

analyte molecules, a dopant can be added to the ion source [10–13, 18]. A dopant is a 
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substance like e.g. acetone or toluene, that can be effectively ionized by the Krypton 

lamp and is able to transfer its energy and/or charge to compounds of interest 

allowing their MS detection. In contrast to ESI, APPI occurs in the gas phase, and 

therefore the LC–APPI source design comprises a heater tube (vaporizer) that permits 

full evaporation of the LC effluent prior to ionization. LC–APPI-MS studies have 

demonstrated that APPI can provide effective ionization of both polar and non-polar 

compounds [10, 11, 18]. Furthermore, some authors have suggested that APPI is less 

vulnerable to matrix interferences (e.g. ion suppression) than ESI [11, 14–17].  

APPI might offer a useful means of ionization to be applied for CE–MS as 

well. So far the feasibility of CE–APPI-MS has been indicated only by Nilsson et al. 
[19], who introduced a suitable interface and showed the successful APPI-MS 

detection of basic drugs separated by CE using a phosphate buffer. No attention was 

paid to the role of the sheath liquid, the use of dopant to improve sensitivity, and the 

ionization of non-polar compounds. In the present study, we have studied the 

analytical potential of CE–APPI-MS. A sheath-liquid sprayer interface originally 

designed for CE–ESI-MS, was adapted and combined with an ion-trap mass 

spectrometer equipped with an APPI source. The influence of the sheath liquid 

composition and flow rate on the APPI process was examined. Furthermore, the 

possibility to add different types of dopant to the sheath liquid to enhance the APPI-

MS signal was studied, and the ionization efficiency of both polar and non-polar 

compounds was evaluated. Also, the effect of the composition of the BGE on APPI-

MS analyte responses was studied, with special attention for non-volatile BGE 

constituents like phosphate, borate and sodium dodecyl sulfate (SDS). 

 

 
ExperimentalExperimentalExperimentalExperimental    

 

Chemicals and materialsChemicals and materialsChemicals and materialsChemicals and materials    

Sodium dodecyl sulfate, boric acid, phosphoric acid, sodium hydroxide, formic 

acid, ammonium acetate, disodium hydrogenphosphate and toluene were purchased 

from Merck (Darmstadt, Germany). Methanol, acetonitrile and isopropanol were 

purchased from Biosolve (Valkenswaard, The Netherlands). Acetone was purchased 

from Fluka (Zwijndrecht, The Netherlands). Naphthalene, diphenyl sulfide and 

nicotine (hydrogen tartrate salt) were obtained from Aldrich (Zwijndrecht, The 

Netherlands). Fluvoxamine and mebeverine were kindly donated by Solvay 

Pharmaceuticals (Weesp, The Netherlands). Deionized water was filtered and 
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degassed before use. Fused-silica capillaries were from Composite Metal Services (The 

Chase, Hallow, UK) and flushed with 1 M sodium hydroxide (10 min) and water (10 

min) prior to use.  

For infusion experiments, 100-µg/ml solutions of test compounds were 

prepared in water, 100 mM formic acid (pH 2.4), 25 mM ammonium acetate (pH 6.8), 

25 mM sodium phosphate (pH 7.5) and 25 mM sodium borate (pH 9.3), respectively. 

Test mixtures of mebeverine, fluvoxamine and nicotine (100 µg/ml each) and of 

naphthalene and diphenyl sulfide (100 µg/ml each) were prepared. The composition 

of the sheath liquid during CE–APPI-MS was acetonitrile–methanol–acetone (75:25:5, 

v/v/v), unless stated otherwise.  

    

    

InstrumentationInstrumentationInstrumentationInstrumentation     
CE system 

CE was performed using a PrinCE CE system (Prince Technologies, Emmen, 

The Netherlands) with a 75-µm I.D. capillary of 90 cm. A separation voltage of 30 kV 

was applied for all CE analyses. Injection of sample was carried out at a pressure of 35 

mbar for 6 s. During injection, the nebulizer gas flow of the CE–MS sprayer was 

switched off. To minimize negative effects (e.g. peak broadening and loss of 

resolution) due to the hydrodynamic flow caused by the nebulizer gas, an 

underpressure of approximately -50 mbar was applied on the inlet vial during CE–MS 

analysis. Prior to each analysis, the capillary was flushed with fresh BGE for 1 min at 

2000 mbar.  

During infusion experiments, the analyte solution under study was 

continuously introduced into the interface and ion source via the CE capillary. No 

electric field was applied during infusion in order to prevent differences in flow rate 

due to a generated EOF. To induce an infusion flow of about 0.5 µl/min, no pressure 

on the inlet vial had to be applied since the nebulizer gas of the sprayer causes an 

underpressure at the capillary outlet.  

    

MS system  
CE was coupled to MS using a coaxial CE–MS sprayer from Agilent 

Technologies (Waldbronn, Germany) normally used for ESI. Prior to nebulization and 

evaporation, the CE effluent is merged with a flow of sheath liquid. The sprayer was 

mounted on a spacer with a length of 41 mm or on a spacer with an adjustable length 

which was made in-house. As the spacer was made of insulating polymer, the sprayer 

was electrically grounded to ensure proper CE performance. The sprayer/spacer was 

positioned on an Agilent APPI source for LC/MS (Fig.1) which was installed on an 
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Agilent 1100 Series LC/MSD SL ion-trap mass spectrometer. The APPI source was 

equipped with a Krypton discharge lamp emitting photons of 10.0 and 10.6 eV 

perpendicularly to the nebulized and vaporized capillary effluent. During CE–APPI-

MS the vaporizer temperature was 300 °C, the drying gas temperature was 150 °C, and 

the nebulizing gas pressure and drying gas flow (both nitrogen) were 25 p.s.i. and 3 

l/min, respectively. The sheath liquid was administered at a flow rate of 15 µl/min and 

dopant (acetone or toluene), when used, was added to the sheath liquid. The 

instrument was operated in positive ion mode and the scan range was 50–600 m/z 

while a number of three scans were averaged to improve signal-to-noise ratios. To 

avoid overloading of the ion-trap, the Ion-Charge-Control option was enabled. 

Further typical MS parameters during CE–APPI-MS were: heated capillary voltage, 

1320 V; capillary exit voltage, 145 V; skimmer voltage, 30 V. 

    

Results and discussionResults and discussionResults and discussionResults and discussion    

    

Interface setInterface setInterface setInterface set----up up up up     

In order to accomplish CE–APPI-MS, a commercial APPI-source for LC–MS 

was used in combination with a coaxial sheath-liquid sprayer interface originally 

designed for CE–ESI-MS. As this sprayer is longer than the sprayer used for LC, a 

plastic spacer (length, 41 mm) was placed between the sprayer and the APPI source 

(see Fig. 1). The length of the spacer was such that the position of the tip of the CE 

sprayer in the source was the same as for the tip of the LC sprayer in the LC–APPI-

MS configuration. Since the spacer is made of a insulating polymeric material, the CE 

sprayer, and thus the CE capillary outlet, is no longer electrically grounded. 

Therefore, using an electric wire, the sprayer was connected to the ground of the CE 

instrument to ensure a functional electric circuit for CE. For efficient APPI, 

compounds should be in the gas phase and, therefore, the APPI source comprises a 

heated vaporizer chamber. With the Agilent APPI source, the sprayer and vaporizer 

chamber are aligned such that the vapor flow is perpendicular to the MS inlet. The 

vapor flow is irradiated with high-energy photons emitted by a Krypton lamp with 

the irradiating beam in line with the MS entrance (Fig. 1). A voltage is applied at the 

MS orifice (heated capillary) to introduce the formed ions into the mass analyzer. This 

voltage (0.6–1.4 kV) is lower than normally used in ESI (4–6 kV). Indeed, no analyte 

and background ions were observed when the Krypton lamp in the APPI source was 

switched off.  
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Infusion experimentsInfusion experimentsInfusion experimentsInfusion experiments 

Infusion of mebeverine 

Some basic parameters were optimized by infusion of a solution of 100 µg/ml 

mebeverine into the APPI source. A volatile sheath liquid of acetonitrile–methanol–

formic acid (75:25:0.1, v/v/v) was selected and administered at a flow rate of 25 

µl/min. The initial values for the nebulizing gas pressure and vaporizer temperature 

were 25 p.s.i. and 400 °C, respectively. Under these circumstances, mebeverine was 

successfully detected as its pseudo-molecular ion [M+H]+ at m/z 430 and no analyte 

fragments were observed in the mass spectrum. The high vaporizer temperature was 

applied to volatilize the analyte and enable gas-phase photoionization. When the 

vaporizer temperature was varied from 200 to 450 °C, the mebeverine signal intensity 

gradually increased until 300 °C and remained constant between 300 and 450 °C. To 

prevent excessive heating, therefore, in our experiments the vaporizer temperature 

was set at 300 °C. In these and further studies thermal degradation of analytes was 

never observed, probably because most of the heat is used for evaporation of the 

sheath liquid. 

CE capillary 

vaporizer 
(heater) 

spacer 

sheath liquid 

CE sprayer 

nebulizing gas 

drying gas 

heated 
MS capillary 

Krypton lamp 

Fig. 1. Schematic of the CE–APPI-MS system comprising CE sprayer, spacer, vaporizer and Krypton 

discharge lamp.  
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As full evaporation is required for APPI, minimizing the sheath-liquid flow 

seems to be a plausible step. However, with flow rates of 10 µl/min or lower, the 

mebeverine signal obtained during infusion started to fluctuate significantly. 

Apparently, a substantial flow of sheath liquid is required to provide stable spray and 

ionization conditions. At 15 µl/min the mebeverine signal was stable and showed an 

optimum intensity. Upon increasing the sheath-liquid flow from 15 µl/min to 50 

µl/min, the APPI signal gradually decreased to about 70 % of the intensity at 15 

µl/min.  

The sheath liquid and CE effluent are nebulized by nitrogen gas forming spray 

droplets and facilitating solvent evaporation. With a sheath-liquid flow of 15 µl/min, 

the nebulizing gas pressure, which controls the gas flow, should be above 20 p.s.i. to 

obtain a proper spray. With a gas pressure below 20 p.s.i., the mebeverine signal 

appeared to be quite unstable. For gas pressures between 25 and 50 p.s.i., the APPI 

signal remained virtually constant. As the nebulizing gas causes a hydrodynamic flow 

in the CE capillary (which causes band broadening during CE), a nebulizing gas 

pressure of 25 p.s.i. was selected in further experiments. 

For proper interpretation and comparison of the effects of experimental 

variables on the APPI signal during infusion experiments, the analyte concentration 

under study should be within the linear response range. For that reason, various 

concentrations of mebeverine ranging from 10–1000 µg/ml (n = 7) were infused under 

the conditions stated above, and the absolute signal intensity (m/z 430) was 

determined. The signal appeared to be linear (r2 = 0.9967) over the tested interval, and 

an analyte concentration of 100 µg/ml was selected for further studies to allow the 

reliable monitoring of signal deviations.  

    

Sheath liquid composition and analyte polarity 

Using various binary mixtures of water, methanol, acetonitrile and 

isopropanol (ratios tested, 100:0, 75:25, and 50:50) the effect of the sheath liquid 

composition on the APPI-MS signal was studied. For the polar test compounds 

mebeverine, fluvoxamine and nicotine, the signal intensities improved when water 

and isopropanol were excluded from the sheath liquid. For these compounds, a sheath 

liquid of acetonitrile–methanol (75:25, v/v) resulted in the highest sensitivity, 

although other compositions still provided good measurable signals. For the non-polar 

compounds naphthalene and diphenyl sulfide, a sheath liquid of methanol–water 

(75:25, v/v) showed optimum sensitivity while sheath liquids containing isopropanol 

resulted in (strongly) reduced signals. 

Naphthalene and diphenyl sulfide were detected as their molecular ions (M+) 

at m/z 128 and 186, respectively. Apparently, direct photoionization of these non-
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polar compounds occurs resulting in the formation of the radical cation. This is in 

accordance with previous APPI-MS studies in which also molecular ions were found 

for compounds with no or low proton affinity [10, 11, 20]. The compounds 

mebeverine, fluvoxamine and nicotine were detected at m/z 430, 319 and 163, 

respectively, which correspond to their pseudo-molecular ions ([M+H]+); no 

molecular ions were observed in their APPI mass spectra. Highest and similar 

intensities were obtained for mebeverine and fluvoxamine, while the nicotine signal 

was about 10 times lower. As pointed out by others as well [10–12, 18, 20], APPI of 

compounds with significant proton affinity in the presence of protic solvents involves 

a solvent-mediated ionization process. The exact ionization mechanism is not fully 

clear yet, but upon excitation/ionization by the UV light, polar analyte molecules 

extract protons from vaporized solvent molecules. Notably, the absolute APPI-MS 

signals observed for mebeverine and fluvoxamine were up to a factor 10 more intense 

than the signals obtained for the non-polar analytes. It seems that photoionization 

involving proton transfer is a more efficient process than the formation of molecular 

ions by direct photoexcitation only.  

In CE–ESI-MS, formic or acetic acid often is added to the sheath liquid to 

provide the low-pH conditions favorable for protonation (i.e. ionization) of analyte 

molecules, and to give some electric conductivity to the sheath liquid [1]. When 

adding 0–5% of formic acid to the sheath liquid, for all test compounds (polar and 

non-polar), no enhancement of the APPI-MS signal was observed. In fact, the 

exclusion of formic acid from the sheath liquid even provided a slightly better 

sensitivity. For the formation of [M+H]+-ions, the presence of protic solvent molecules 

apparently is adequate. Without formic acid, still a stable CE current was obtained 

when a high voltage was applied over the capillary. Probably, the very short distance 

between the outlet of the CE capillary and the grounded metal sprayer tip provides 

sufficient conductivity.  

    

Dopant in sheath liquid  
LC–APPI-MS studies show that analyte signals can be increased significantly 

by the use of so-called dopants [10–13, 18]. Such substances are photoionizable and 

act as intermediate between the photons and the analytes by reacting with them by 

charge exchange or proton transfer. In LC, acetone and toluene have been most 

frequently used as dopants. The dopant is then added post-column to the LC effluent 

or brought into the APPI source via the nebulizing gas. We found that in CE–APPI-

MS, introduction of dopant can be accomplished most conveniently by adding it to 

the sheath liquid, and we have tested the effect of both acetone and toluene on the 

ionization of polar and non-polar analytes. Fig. 2A shows the results obtained for 
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mebeverine using a sheath liquid of acetonitrile–methanol (75:25, v/v) with the 

indicated volume percentage of dopant. With acetone as dopant, the signal intensity 

of mebeverine is enhanced with a factor of 3 when the dopant concentration is 

increased from 0 to 10%. Clearly, the relatively largest gain is achieved between 0 and 

1% of acetone. The signal gain for mebeverine obtained with toluene as dopant is 

much more modest and virtually dies out above 2.5% of dopant (Fig. 2A). The dopant-

assisted APPI of mebeverine still led to the formation of its pseudo-molecular ion, and 

no M+ was observed in the mass spectrum. For fluvoxamine, similar enhancements 

were observed when acetone and toluene were added to the sheath liquid. Notably, 

significant gain of the [M+H]+ signal (up to a factor 10) was observed for nicotine 

when the acetone concentration in the sheath liquid was increased, while with 

toluene the increase of signal was about a factor of 7. 

 

For the non-polar test compounds quite different dopant effects were 

observed. Also in the presence of dopant, these test compounds were solely detected 

as their molecular ions ([M+]). Adding toluene to the sheath liquid (methanol–water, 

75:25 v/v), a strong increase of the analyte signal was obtained. For example, for 

diphenyl sulfide a gain of up to a factor of 10 was achieved using 10% toluene (Fig. 

2B). Addition of acetone to the sheath liquid, however, had an adverse effect on the 

signal of the non-polar compounds (depicted for diphenyl sulfide in Fig. 2B). At high 

concentrations of acetone, the signal intensity strongly diminished. This can be 

explained by the fact that acetone forms pseudo-molecular ions (C3H7O+, m/z 59) 
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Fig. 2. Influence of the dopant concentration in the sheath liquid on the MS signal of (A) mebeverine 

(100 µg/ml) and (B) diphenyl sulfide (100 µg/ml) monitored at m/z 430 and 186, respectively. Sheath 

liquid composition, (A) acetonitrile–methanol (75:25, v/v) and (B) methanol–water (75:25, v/v). 
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when photoionized and can efficiently facilitate proton transfer to compounds with 

significant proton affinity [10]. However, acetone cannot enhance (or even can 

hinder) the formation of molecular ions of non-polar compounds. In its turn, toluene, 

which forms molecular ions (C7H8+, m/z 92) when photoionized, can aid the 

ionization of non-polar analyte molecules via charge exchange [10, 20]. Photoionized 

toluene can also induce proton transfer (most probably via solvent molecules) to 

analytes with sufficient proton affinity [20]. 

Overall, it can be concluded that also in a CE–APPI-MS setting acetone can 

effectively enhance the ionization (i.e. protonation) of relatively polar compounds, 

but is ineffective in ionizing non-polar analytes. Toluene in principle can be used as a 

dopant for both polar and non-polar compounds, being most effective for the 

molecular ion formation of compounds with low proton affinity. 

 

Influence of buffers  

From the viewpoint of CE, the effect of the character of the BGE on the APPI 

of analytes obviously is of importance. Therefore, the influence of several volatile and 

non-volatile buffers on the signal intensity was studied by infusion of solutions of the 

test compounds in the respective buffers and compared with solutions in pure water. 

Fig. 3 shows the results obtained for a 100-µg/ml mebeverine solution. Acetonitrile–

methanol (75:25, v/v) was used as sheath liquid with acetone (5%) as dopant. As might 

be expected, the BGEs containing the volatile formic acid and ammonium acetate 

showed good APPI-MS compatibility and no decrease of the mebeverine signal was 

observed in comparison to the solution in water. Remarkably, also the presence of 

Fig. 3. Relative MS signal of mebeverine (100 µg/ml) monitored at m/z 430 in various BGEs: (A) water, 

(B) 100 mM formic acid (pH 2.4), (C) 25 mM ammonium acetate (pH 6.6), (D) 25 mM phosphoric acid 

(pH 2.1), (E) 25 mM sodium phosphate (pH 7.5), (F) 25 mM sodium borate (pH 9.3), and (G) 20 mM SDS 

in 10 mM sodium phosphate (pH 7.5). The signal obtained for mebeverine in water was set at 100%. 

Sheath liquid, acetonitrile–methanol–acetone (75:25:5, v/v/v). 



 

 

 

 

 

 

 

COUPLING OF ELECTROKINETIC CHROMATOGRAPHY AND MASS SPECTROMETRY FOR PROFILING OF DRUGS 

 114 

phosphoric acid did not adversely affect the APPI of mebeverine (Fig. 3). Even with a 

phosphate buffer of pH 7.5, which contains significant amounts of sodium ions, no 

signal loss was observed. Sodium borate, a frequently used buffer in CE, had no effect 

on the APPI signal as well. With all tested BGEs, a stable analyte signal was obtained 

indicating proper nebulization, evaporation and ionization. These results are in sharp 

contrast with ESI, where non-volatile buffer constituents as phosphate and borate are 

well-known ion-suppressors [5]. Infusion experiments of the other polar test 

compounds nicotine and fluvoxamine in various buffers, yielded similar results: 

analyte signal intensities were remained with all tested buffers. Also for the non-polar 

naphthalene and diphenyl sulfide, using a sheath liquid of methanol–water (75:25, 

v/v) with 5% toluene, no disturbances by the non-volatile buffers were observed. 

Apparently, buffer ions do not interfere with the photoionization process, neither in 

the direct formation of molecular ions, nor during charge exchange and proton 

transfer reactions. The fact that the volumetric CE flow is low and that the absolute 

amounts of buffer ions actually entering the APPI source is relatively small, might 

play a positive role here. From these results it can be concluded that in the presented 

CE–APPI-MS set-up, ionization predominantly depends on the characteristics of the 

analyte and sheath liquid (incl. dopant), and not on the selected CE separation 

conditions. Obviously, this is a clear advantage when coupling CE with MS in an on-

line fashion. 

    

    

OnOnOnOn----line CEline CEline CEline CE––––APPIAPPIAPPIAPPI----MSMSMSMS    

Type of BGE and sensitivity 

The infusion experiments described above indicate that proper analyte 

ionization and detection should be possible in an on-line CE–APPI-MS setting, even 

when non-volatile buffers are used. In order to evaluate this, a mixture of the three 

test compounds nicotine, fluvoxamine and mebeverine (100 µg/ml each) was analyzed 

by CE–APPI-MS using different BGEs, viz. ammonium acetate, sodium phosphate and 

sodium borate (25 mM each). No attempts were made to optimize the separation and 

no precautions to prevent buffer constituents from entering the MS system were 

taken. A sheath liquid of acetonitrile–methanol (75:25, v/v) with 5% acetone was 

used. As mentioned previously, the continuous photoionization of the acetone dopant 

causes a very strong signal (predominantly at m/z 59) in the mass spectrum. As a 

result, in the full scan mode (scanning 50–600 m/z) the total ion current (TIC) is 

largely dominated by the dopant signal, obscuring potential analyte signals. The 
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situation could be improved by reducing the scan range to 100–600 m/z, leaving out 

the major acetone signals. This way, the TIC trace of 100-µg/ml mebeverine injected 

provided, for example, a signal-to-noise ratio (S/N) of about 10. The test compounds 

could, however, be detected most effectively at their respective pseudo-molecular 

masses in the extracted-ion traces which showed clear peaks of good intensity (Fig. 4). 

The narrow peak widths and quite symmetric peak shapes obtained for the test 

compounds indicate that the mixing with sheath liquid and subsequent nebulization 

and vaporization by the CE–APPI interface does not cause serious band broadening. It 

should be noted that an underpressure was applied at the capillary inlet during CE 

analysis to cancel out the hydrodynamic flow caused by the nebulization gas (see 

Experimental section) and, thus, maintain the CE efficiency. The peak for mebeverine 

obtained with the borate buffer is somewhat distorted which, however, seems to be a 

CE rather than interfacing problem. An important observation is that the peak areas 

obtained for each test compound are similar, and appear to be independent on the 

used BGE. This nicely confirms the results of the infusion experiments that non-

volatile buffers cause no suppression of analyte signals. Also the noise level in the 

extracted ion chromatograms of the test compounds in the various buffers is virtually 

the same. As the non-polar test compounds naphthalene and diphenyl sulfide are 

uncharged, their separation would require, for example, micellar electrokinetic 

chromatography (MEKC). 

Fig. 4. CE–APPI-MS of a mixture of nicotine (m/z 163), fluvoxamine (m/z 319) and mebeverine (m/z 

430) (100 µg/ml each) using a BGE of (A) 25 mM ammonium acetate (pH 6.8), (B) 25 mM sodium 

phosphate (pH 7.5) and (C) 25 mM sodium borate (pH 9.3). Sheath liquid, acetonitrile–methanol–acetone 

(75:25:5, v/v/v).  
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Taking the CE–APPI-MS analysis of mebeverine (100 µg/ml injected) with 25 

mM sodium phosphate (bottom Fig. 4B) as indicative example, a concentration limit 

of detection (CLOD) of approximately 2 µg/ml (S/N = 3) could be calculated. In 

principle, a further gain in sensitivity of typically a factor of 10 in S/N can be achieved 

by running the ion-trap MS in the single ion mode. Although such sensitivities are 

still quite favorable and certainly useful for specific applications, for polar compounds 

considerably better CLODs can be obtained with ESI, provided that a volatile buffer is 

applied. For instance, with CE–ESI-MS with an ammonium acetate buffer, the CLOD 

for mebeverine typically is 50 ng/ml (in full scan mode). Most probably the overall 

analyte ionization efficiency and/or ion sampling is lower in APPI than in ESI. This 

also follows from the fact that the absolute signal obtained with ESI-MS for the same 

injected amount of mebeverine, is significantly higher when compared with APPI.  

As indicated by Nilsson et al. [19], the sensitivity might be improved by 

protruding the CE sprayer deeper into the APPI ion source in order to spray closer to 

the MS inlet. In the CE–APPI-MS set-up, a spacer of 41 mm length was used so that 

the position of the CE sprayer tip in the ion source is similar to the LC situation. 

However, in LC the vaporizer has to handle much higher volumetric flows than in 

CE. Indeed, when CE–APPI-MS was carried out with spacer lengths of 39 or 36 mm, 

the signal of mebeverine increased with a factor of 2.3 and 6.8, respectively. The noise 

level in the resulting extracted ion chromatograms remained constant, so that the 

CLOD of mebeverine was improved to about 300 ng/ml (full scan mode) when using a 

spacer of 36 mm. Due to physical constraints of the present APPI ion source and CE 

sprayer, further reduction of the distance between sprayer tip and MS entrance is not 

possible. Evidently, it seems worthwhile to design an APPI ion source optimized for 

CE purposes in order to achieve a further improved sensitivity and performance. 

 

Influence of surfactant and potential for MEKC 

In the previous sections it was demonstrated that non-volatile buffers do not 

influence the ionization efficiency in CE–APPI-MS. In some infusion experiments, we 

also briefly studied the effect of SDS (which is a very notorious ion-suppressing agent 

in ESI) on the APPI of the test compounds. Even in the presence of SDS, the signal 

intensity of mebeverine (Fig. 3, bar G) and the other test compounds remained 

unaffected. Preliminary experiments show that this result might open up the 

possibility of performing on-line MEKC–MS using SDS as micelle forming surfactant. 

Fig. 5 shows the MEKC–APPI-MS analysis of a mixture of naphthalene and diphenyl 

sulfide using a BGE containing 10 mM sodium phosphate (pH 7.5) and 20 mM SDS. 

The neutral test compounds, which cannot be separated by CE and are not amenable 
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to ESI, are nicely separated by MEKC, and effectively ionized and detected by APPI-

MS. Currently, we are further studying the feasibility and applicability of an on-line 

MEKC–MS approach via APPI, and we will report on this in the near future. 

    

    

ConcluConcluConcluConclusionssionssionssions    

 

On-line CE–APPI-MS was accomplished by using a coaxial CE sprayer in 

combination with a slightly adapted APPI source. Photoionization of relatively polar 

compounds (with significant proton affinity) predominantly led to formation of 

pseudo-molecular ions ([M+H]+), while non-polar compounds were detected as their 

molecular ions (M+). From extracted-ion traces recorded for test compounds in the 

full scan mode under optimized conditions, detection limits were estimated to be at 

the sub-µg/ml level. Although for polar compounds still less sensitive than ESI, APPI 

appears to provide a more generally applicable ionization scheme for CE–MS. Firstly, 

APPI can provide ionization of polar and non-polar compounds, including ones that 

are not amenable to ESI. Secondly, non-volatile buffers do not affect the APPI-MS 

response enabling the on-line coupling of almost any CE system with MS. Thirdly, the 

photoionization efficiency can be significantly enhanced by the use of a dopant which 

simply can be added to the sheath liquid. The overall sensitivity achieved in these first 

experiments already is sufficient for a number of relevant analytical problems. For 

instance, CE–APPI-MS might be rewarding for the impurity profiling of drugs, where 
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Fig. 5. MEKC–APPI-MS of a mixture of naphthalene (m/z 128) and diphenyl sulfide (m/z 186) (100 

µg/ml each) using a BGE containing 10 mM sodium phosphate (pH 7.5), 20 mM SDS and 25% 

acetonitrile. Sheath liquid: methanol–water–toluene (75:25:5, v/v/v).    
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the nature of the potential impurities can be quite diverse and may not be fully 

known prior to analysis. 

This explorative study offers some attractive perspectives for further research. 

The detection sensitivity for CE–APPI-MS probably can be improved by redesigning 

the ion source such that the distance between sprayer tip and MS orifice is further 

reduced. A systematic study of potential dopants, as e.g. anisole [21], may also lead to 

further improved ionization efficiencies. APPI might also provide a solution for the 

long-recognized incompatibility problem of on-line MEKC–MS, as even SDS does not 

suppress the photoionization of compounds. Such a system might offer interesting 

possibilities for the analysis of apolar compounds, such as steroids and hydrophobic 

peptides, which cannot be separated by CE and/or ionized by ESI. 
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SSSSummaryummaryummaryummary    

 

Atmospheric pressure photoionization (APPI) is presented as a novel means 

for the combination of micellar electrokinetic chromatography (MEKC) and mass 

spectrometry (MS). The on-line coupling is achieved using an adapted sheath flow 

interface installed on an orthogonal APPI source. Acetone or toluene is added as 

dopant to the sheath liquid to enhance analyte photoionization. It is demonstrated 

that with APPI signal suppression and interferences by the surfactant sodium dodecyl 

sulfate (SDS) and non-volatile buffers can be circumvented. This implies that MEKC 

conditions can be selected independently from MS detection. Moreover, it is shown 

that both polar and apolar compounds can be photoionized, thereby also facilitating 

the analysis of compounds that are not amenable to electrospray ionization. 

Consequently, the MEKC–APPI-MS system can provide effective separation and 

detection of compounds of diverse character in one run using background electrolytes 

containing up to 50 mM SDS. Concentration limits of detection derived from 

extracted-ion traces (full scan mode) of test compounds were around 1 µg/ml, and the 

detection sensitivity remained unaffected during one day of continuous use. Overall, 

the system features are very favorable for applications such as drug impurity profiling 

as is illustrated by the analysis of mebeverine and related compounds (both charged 

and neutral) at the 0.25% (w/w) level. 
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IIIIntroductionntroductionntroductionntroduction 

 

Micellar electrokinetic chromatography (MEKC) is a very powerful mode of 

capillary electrophoresis (CE) providing high separation efficiencies and a favorable 

optimization versatility. In MEKC, separation is based on the combined effects of 

partitioning – between an aqueous and micellar phase – and electrophoretic mobility 

of sample components. As a consequence, MEKC is suitable for a wide range of 

compounds and has the ability to separate charged and neutral compounds 

simultaneously. Since the introduction of MEKC [1,2], numerous applications have 

been reported and the technique is widely accepted [3,4]. Nevertheless, the coupling 

of MEKC to mass spectrometry (MS) has not matured yet, despite the obvious 

attractiveness of combining such a highly efficient separation technique with mass-

selective and structure-elucidative detection. This lag in development is largely due to 

the fact that the use of electrospray ionization (ESI)-MS detection in MEKC poses 

some fundamental problems. The high concentrations of non-volatile salts and 

surfactants commonly used in MEKC can seriously suppress analyte ionization, cause 

intense background signals and contaminate the ion source. In order to avoid these 

problems, for on-line MEKC–MS most commonly so-called partial-filling techniques 

are used in which the pseudo-stationary surfactants are prevented from entering the 

ion source [5-14]. Unfortunately, these approaches often strongly reduce the 

separation performance and require specific optimization for each analyte. Other 

MEKC–MS methodologies include reverse-migrating micelles [14,15], high-

molecular-mass surfactants [16-18] and volatile surfactants [19,20]. However, with 

these pseudo-stationary phases the selectivity and resolution often is inferior to those 

obtained with conventional surfactants as sodium dodecyl sulfate (SDS).  

Until now, a few researchers studied the possibility of combining MEKC and 

ESI-MS using direct introduction of the surfactant into the ion source, i.e. leaving the 

MEKC conditions unmodified during the coupling [21-23]. We recently showed that, 

despite serious ion suppression by the surfactant (SDS), with direct introduction sub-

µg/ml levels of analyte still can be detected with ESI-MS [23]. Although this approach 

allowed impurity profiling of drugs, obviously, it would be more convenient to have 

an ionization method available for MEKC–MS that is not susceptible to interferences 

caused by non-volatile surfactants and buffer salts. In the search for such an 

ionization technique, some attempts have been made to use atmospheric pressure 

chemical ionization (APCI) for on-line MEKC–MS [24,25]. APCI was suggested to 

suffer less from ion suppression by non-volatiles than ESI, but the detection limits of 

the MEKC–APCI-MS methods still were quite high.  

Atmospheric pressure photoionization (APPI) is the newest mode in the field 
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of soft ionization techniques suitable for coupling liquid-phase separations to MS [26]. 

APPI sources are commercially available now for liquid chromatography (LC) and 

meanwhile several LC–APPI-MS studies have been reported [27-34]. Only recently, 

the first studies on the combination of CE with APPI-MS have been described 

showing that photoionization of CE-separated compounds can be achieved [27,35,36]. 

CE–APPI-MS was accomplished using (adapted) coaxial sheath-flow interfaces 

installed on APPI sources originally developed for LC–MS. Quite remarkably, these 

studies indicated that common CE separation buffers, such as sodium phosphate and 

sodium borate, do not affect the APPI-MS response of analytes. In addition, we also 

showed that in CE–APPI-MS a significant enhancement of the analyte ionization 

efficiency can be achieved by adding a dopant, such as acetone or toluene, to the 

sheath liquid [36]. These observations have triggered us to further explore APPI-MS 

detection for capillary separation techniques. 

In this paper, the on-line coupling of MEKC and MS via APPI is presented for 

the first time. The effect of the surfactant SDS on the APPI efficiency of polar and 

apolar compounds was investigated by infusion experiments. Using test mixtures with 

components of different character, the actual performance of APPI-MS detection 

following MEKC separation was evaluated. The applicability of the new MEKC–MS 

system was further studied by the analysis of a drug with some low-level impurities. 

The results of our study indicate that photoionization is particularly useful for 

hyphenated MEKC–MS avoiding detection interferences by surfactants and buffers, 

and allowing ionization of diverse compounds. 

 

 

Experimental section 

 

Chemicals and materials 
Sodium dodecyl sulfate, sodium hydroxide, disodium hydrogenphosphate, 

phosphoric acid and toluene were obtained from Merck (Darmstadt, Germany). 

Acetone was purchased from Fluka (Zwijndrecht, The Netherlands). Methanol and 

acetonitrile were from Biosolve (Valkenswaard, The Netherlands). Pyridoxine, 

terbutaline, naphthalene, tetracaine, nicotine and diphenyl sulfide were obtained 

from Sigma-Aldrich (Zwijndrecht, The Netherlands). Fluvoxamine and mebeverine 

(veratric acid 4-[ethyl(p-methoxy-α-methyl-phenethyl)amino]-butyl ester), 

mebeverine alcohol (4-[ethyl[2-(4-methoxyphenyl)-1-methylethyl]amino]-1-

butanol), mebeverine amine (N-ethyl-4-methoxy-α-methylbenzeneethamine) and 4-

chlorobutylveratrate (3,4-dimethoxybenzoic acid, 4-chlorobutyl ester) were kindly 

donated by Solvay Pharmaceuticals (Weesp, The Netherlands). Molecular structures 
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of the test compounds are depicted in Figure 1. Deionized water was filtered before 

use. Fused-silica capillaries were from Composite Metal Services (The Chase, Hallow, 

UK) and flushed with 1 M sodium hydroxide (10 min) and water (10 min) prior to 

use.  

For infusion experiments, 100-µg/ml solutions of mebeverine, fluvoxamine, 

nicotine, naphthalene and diphenyl sulfide were prepared in water–methanol (50:50, 

v/v) and in 10 mM sodium phosphate with 0–60 mM SDS, respectively. A test mixture 

of pyridoxine, terbutaline, nicotine, tetracaine and mebeverine (100 µg/ml each) was 

prepared in water, and a test mixture of naphthalene, diphenyl sulfide, nicotine and 

mebeverine (100 µg/ml each) was prepared in water–methanol (2:1, v/v). A 

fluvoxamine solution of 10 µg/ml was prepared in water. For the MEKC experiments, 

20 or 50 mM SDS was added to the background electrolyte (BGE) containing 10 mM 

sodium phosphate (pH 7.5), and 10 or 25% acetonitrile. The pH of the buffer was 

adjusted prior to addition of the organic modifier. The stated SDS and phosphate 

concentrations refer to concentrations in the overall BGE. 
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Fig. 1. Molecular structures of  (A) diphenyl sulfide, (B) fluvoxamine, (C) naphthalene, (D) nicotine, (E) 

mebeverine, (F) mebeverine alcohol, (G) mebeverine amine, (H) 4-chlorobutylveratrate, (I) pyridoxine, 

(J) terbutaline, and (K) tetracaine. 
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CE system 
CE and MEKC was performed using a PrinCE CE system (Prince 

Technologies, Emmen, The Netherlands) with a 75-µm I.D. capillary of 90 cm. A 

separation voltage of 30 kV was applied during all MEKC analyses. Injection of sample 

was carried out applying a pressure of 35 mbar for 6 seconds on the capillary inlet 

while the nebulizer gas flow to the CE–MS sprayer was switched off. Prior to each 

analysis, the capillary was flushed with fresh BGE for 1 min at 2000 mbar. During 

infusion experiments, the analyte solution under study was continuously introduced 

into the interface and ion source via the capillary, and no voltage was applied. To 

induce an infusion flow of about 0.5 µl/min, no pressure on the inlet vial had to be 

applied due to reduced pressure at the capillary outlet caused by the nebulizer gas. To 

cancel out this hydrodynamic flow during CE–MS, and thus minimize its effect on 

band broadening, a pressure of approximately 50 mbar below ambient pressure was 

applied on the inlet vial during the analysis [23,36]. 

    

MS system 
The CE system was coupled to an Agilent 1100 Series LC/MSD SL ion-trap 

mass spectrometer (Agilent Technologies, Waldbronn, Germany) using a coaxial 

Agilent CE–MS sprayer. To allow proper APPI, the sprayer was mounted on a spacer 

(length, 41 or 36 mm) which was positioned on an Agilent APPI source for LC–MS. 

As the spacer was made of insulating polymer, there was no electrical contact 

between the sprayer and the ion-source housing. Therefore, an additional wire was 

used to electrically ground the sprayer and to ensure proper CE performance. The 

APPI source was equipped with a Krypton discharge lamp emitting photons of 10.0 

and 10.6 eV perpendicular to the vaporized capillary effluent. Further description of 

the system set-up and evaluation of some critical parameters, can be found elsewhere 

[36]. Nitrogen was used as nebulizing and drying gas. The vaporizer temperature was 

300–350 °C, the drying gas temperature was set at 150 °C, and the nebulizing gas 

pressure was 25 p.s.i. and the drying gas flow was 3 l/min. Acetone or toluene was 

added as dopant to the sheath liquid. The composition of the sheath liquid was 

acetonitrile–methanol–acetone (75:25:5, v/v/v), or methanol–water–toluene (75:25:5, 

v/v/v). The sheath liquid was administered at a flow rate of 15 µl/min. The instrument 

was operated in positive ion mode and the scan range was 50–600 m/z, while three 
successive scans were averaged. In order to avoid overloading of the ion-trap, the Ion-

Charge-Control option was enabled. Further MS parameters during MEKC–APPI-MS 

were: heated capillary voltage, 1250 V; capillary exit voltage, 125 V and skimmer 

voltage, 33 V. 
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RRRResults and discussionesults and discussionesults and discussionesults and discussion    

 
Infusion experiments 

APPI-MS detection was achieved by using a sheath-flow sprayer which was 

mounted on the heated vaporizer of an APPI source originally developed for LC [36]. 

The effluent from the CE capillary is merged with sheath liquid and subsequently 

vaporized. The gas flow from the vaporizer is irradiated by the UV light emitted by a 

Krypton lamp which is mounted oppositely to the MS orifice. In earlier experiments 

[36], we found that effective and stable photoionization is achieved using a sheath-

liquid flow rate of 15 μl/min and a nebulizer gas pressure and vaporizer temperature 

of 25 psi and 300 °C, respectively. It was also shown that the ionization efficiency of 

analytes can be enhanced by adding acetone or toluene (so-called dopants) to the 

sheath liquid. Acetone appeared to promote the photoionization of relatively polar 

analytes quite efficiently, while toluene is especially useful to increase the 

photoionization yield of apolar compounds. 

In our previous study on CE–APPI-MS, we demonstrated that non-volatile 

BGEs, like sodium phosphate and sodium borate, do not suppress the photoionization 

of analytes [36]. In order to check the feasibility of MEKC–APPI-MS, the influence of 

SDS on the MS signal intensity was studied by infusion of mebeverine solutions 

directly into the APPI source at a flow rate of 0.5 µl/min. SDS was added in various 

concentrations (0–60 mM) to 10 mM sodium phosphate buffer (pH 7.5) and a sheath 

liquid of acetonitrile-methanol (75:25, v/v) with 5% acetone was used. As is common 

for APPI of proton-accepting compounds [26,36], mebeverine was detected as its 

pseudo-molecular ion ([M+H]+) at m/z 430. Quite remarkably, it was found that SDS 
had no adverse effects on the mebeverine signal intensity (Figure 2). Even when SDS 

is present in relatively high concentrations, the signal for mebeverine was not 

suppressed. Furthermore, SDS also did not interfere with the energy/proton-transfer 

process of the dopant towards the mebeverine. In the presence of SDS, a similar gain 

in ionization yield was found as without SDS when acetone was added to the sheath 

liquid [36]. The background mass spectrum observed during infusion of SDS-

containing buffer was dominated by a strong signal (m/z 59) of the dopant (acetone), 
and no discrete signals originating from SDS or SDS-related clusters were observed. It 

should be noted, however, that over the entire mass range (50–600 m/z) the baseline 
signal was increased with a factor of 2–3 when SDS was added to the buffer. Similar 

infusion experiments with fluvoxamine and nicotine confirmed the conclusion that 

SDS does not interfere with the photoionization of relatively polar compounds. The 

APPI-MS signals obtained for the pseudo-molecular ions for both compounds (m/z 
319 and 163, respectively) were constant regardless the concentration SDS. 
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Fig. 2. Influence of the SDS concentration on the MS signal of 100-g/ml mebeverine (monitored at m/z 

430) in 10 mM sodium phosphate buffer (pH 7.5). Sheath liquid, acetonitrile–methanol–acetone (75:25:5, 

v/v/v). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The influence of SDS on the APPI of the apolar compounds naphthalene and 

diphenyl sulfide was also investigated by infusion experiments. In this instance 

toluene was used as dopant and added (5%) to a sheath liquid of methanol–water 

(75:25, v/v). APPI of apolar compounds yields molecular ions (M+) [36,37], and indeed 

naphthalene and diphenyl sulfide were observed at m/z 128 and 186, respectively. 
When SDS was added up to 60 mM to the analyte solutions, again no reduction of the 

MS signals of the compounds was observed, and the signal enhancement of the 

toluene dopant was unaffected. So, also the APPI process of apolar compounds is not 

disturbed by SDS.  

From these infusion experiments it is concluded that – in contrast to ESI – the 

(dopant-assisted) photoionization of compounds is not affected by SDS, and essentially 

relies on the characteristics of the analyte and the added dopant. During electrospray 

of small compounds, the analyte ionization predominantly takes place within highly-

charged droplets from which the ions are emitted by repulsive forces [38]. This 

ionization process can be seriously suppressed when salts and other compounds of 

high charge-affinity are also present in the sprayed solution. In particular SDS can 

strongly inhibit the transfer of analyte ions into the gas phase during ESI [23,39]. In 

the APPI source as used in our study, analyte, solvent and dopant molecules are 

vaporized prior to photoionization. The non-volatile salts (i.e. sodium phosphate and 

SDS) present in the nebulized solution most probably become dispersed as tiny solid 

particles in the vaporized solvent, and do not or hardly interfere with the gas-phase 

photoionization of the analytes and dopants. Other gas-phase reactions still occur, 
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however, as is evident from the energy and/or charge transfer by the excited dopant 

molecules towards the analytes, leading to enhanced analyte ionization. 

  

MEKC–APPI-MS 
To check the possibility of MEKC–APPI-MS, fluvoxamine was analyzed using 

a 10 mM phosphate buffer (pH 7.5) without and with 50 mM SDS. CE and MEKC 

were carried out conventionally and no precautions were taken to prevent BGE 

constituents from entering the MS system. A sheath liquid of acetonitrile–methanol–

acetone (75:25:5, v/v/v) was used and fluvoxamine was monitored as its pseudo-

molecular ion at m/z 319 (Figure 3). As the total ion current (TIC) is largely 
dominated by the dopant signal, no fluvoxamine signal could be distinguished in the 

TIC trace. When the scan range was reduced to 100–600 m/z (leaving out the acetone 
signals around m/z 59) the fluvoxamine could be detected, however, best signal-to-
noise (S/N) ratio was observed in the extracted ion trace (XIC). The XIC trace 

recorded during MEKC shows a somewhat increased baseline noise when compared 

to CE–APPI-MS. This higher noise level results from the slightly increased 

background-signal intensity as observed throughout the mass spectra in the presence 

of SDS (see above). Nevertheless, Figure 3 clearly shows that SDS does not cause a 

reduction of the signal intensity and fluvoxamine can be effectively detected under 

MEKC conditions. 
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Fig 3. Analysis of 10-µg/ml fluvoxamine (m/z 319) by (A) CE–APPI-MS using a BGE of 10 mM sodium 

phosphate (pH 7.5) and 10 % acetonitrile, and (B) MEKC–APPI-MS using a BGE of 50 mM SDS, 10 mM 

sodium phosphate (pH 7.5) and 10 % acetonitrile. Sheath liquid, see Figure 1; spacer length, 36 mm. 
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Fig. 4. MEKC–APPI-MS of a mixture of terbutaline (m/z 226), pyridoxine (m/z 170), nicotine (m/z 163), 
tetracaine (m/z 265) and mebeverine (m/z 430) (100 µg/ml each) using a BGE containing 10 mM sodium 

phosphate (pH 7.5), 50 mM SDS and 25% acetonitrile. Sheath liquid, see Figure 2; spacer length, 41 mm. 

Fig. 5. MEKC–APPI-MS of a mixture of nicotine (m/z 163), mebeverine (m/z 430), naphthalene (m/z 

128) and diphenyl sulfide (m/z 186) (100 µg/ml each) using a BGE containing 10 mM sodium phosphate 

(pH 7.5), 20 mM SDS and 25% acetonitrile. Sheath liquid, methanol–water–toluene (75:25:5, v/v/v); 

spacer length, 41 mm. 
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To further test the feasibility of on-line MEKC–APPI-MS, a drug mixture was 

separated using a BGE containing 50 mM SDS. Dopant-assisted APPI-MS detection 

revealed strong signals (at [M+H]+) for each of the relatively polar compounds, despite 

the presence of SDS (Figure 4). The overall separation efficiency of the system was 

good with plate numbers of up to 130,000 which is quite satisfactory considering the 

extra band broadening caused by the sheath-flow interface. 

An important advantage of MEKC is its ability to separate both charged and 

neutral compounds. ESI is, however, not suitable for the ionization of apolar 

compounds. To see whether MEKC–APPI-MS can be used for the separation and 

detection of compounds of various character in one run, a mixture of nicotine, 

mebeverine, naphthalene and diphenyl sulfide (100 µg/ml each) was analyzed. 

Toluene was used as dopant to induce ionization of both polar and apolar compounds, 

although leading to somewhat less enhanced signals for the polar compounds as 

compared to when acetone is used as dopant. In order to reduce the migration times 

of the apolar compounds, the SDS concentration was decreased to 20 mM, although at 

the expense of resolution between the polar analytes. Separation was now achieved 

within 12 min and, more importantly, effective photoionization of all components 

was achieved, allowing their MS detection as [M+H]+ (nicotine, mebeverine) or M+ 

(naphthalene, diphenyl sulfide) with good sensitivity (Figure 5). This experiment 

indicates a strong potential for APPI-MS in CE: the detection (and possible 

identification) of both polar and apolar compounds in the presence of considerable 

concentrations of non-volatile BGE constituents.  

The stability of the MEKC–APPI-MS system was tested by the repeated 

analysis (n=10) of the drug mixture using a BGE of 50 mM SDS, 10 mM phosphate (pH 

7.5) and 25% acetonitrile. Prior to every analysis, the capillary was flushed with BGE 

without preventing the rinsing liquid from entering the ion source. Each analysis 

provided a good-quality chromatogram with prominent peaks. The peak intensities 

remained constant (RSD < 6%) showing no gradual decrease in time. This indicates 

that MEKC conditions can be applied for a prolonged time without affecting the MS 

performance. After using the MEKC–APPI-MS system for a full day, a thin layer of 

white deposit (buffer salts, SDS) was observed on the inner surface of the ion source. 

This layer could easily be removed using a tissue wetted with water and isopropanol 

(a 5-min procedure). No further contamination or loss of performance of the ion 

optics and mass analyzer was observed. Actually, during our MEKC–APPI-MS 

research the ion-trap mass spectrometer was also used for other purposes without any 

problem. 
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Sensitivity 

In line with earlier observations [35,36], the best sensitivity was obtained 

when the spacer length in the interface was minimized to 36 mm. For MEKC–APPI-

MS of fluvoxamine using acetone as dopant (Figure 3B), the concentration limit of 

detection (CLOD; S/N = 3) as determined in the XIC trace was 0.8 µg/ml. Under these 

conditions, the other polar test compounds exhibited similar CLODs. Good sensitivity 

in MEKC–APPI-MS for apolar compounds required the use of toluene as dopant. In 

that situation, naphthalene and diphenyl sulfide could be detected down to about 2 

µg/ml, whereas the CLODs for the polar analytes increased with a factor of 1.5–2 

when compared with using acetone in the sheath liquid. In all cases, improved 

sensitivities could be achieved by operating the mass spectrometer in the selected ion 

mode (SIM). For instance, in SIM the CLOD of fluvoxamine with MEKC–APPI-MS 

using acetone as dopant was ca. 100 ng/ml. 

The question arises how the sensitivity of APPI compares to that of ESI when 

using different separation buffers. On the basis of present and previous [23,36] results 
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Fig. 6. MEKC–APPI-MS of mebeverine (m/z 430; 2 mg/ml) containing three related compounds at a level 

of approximately 0.25% (w/w). BGE and sheath liquid, see Figure 5; spacer length, 36 mm. The peak at 

8.8 min in the XIC of m/z 266 originates from a minor fragment of mebeverine that arises during the 

APPI process. 
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for the drug mebeverine (a tertiary amine with very favorable ESI characteristics), a 

first indication on the achievable sensitivity (in full scan mode) can be obtained. 

Applying volatile buffers, CE–ESI-MS yielded a CLOD derived from the XIC for 

mebeverine of about 20 ng/ml. When buffers containing 10 mM sodium phosphate 

and 20 mM SDS were used in MEKC–ESI-MS, the mebeverine signal seriously 

deteriorated and the spectral noise increased, leading to a CLOD of 0.5–1 µg/ml. Using 

dopant-assisted APPI-MS detection in CE, the CLOD of mebeverine was about 0.4 

µg/ml, regardless the buffer applied, whereas a CLOD of ca. 0.8 µg/ml was found when 

up to 50 mM SDS was added to the buffer. These results indicate that for mebeverine, 

ESI provides substantially higher ionization efficiencies than APPI when volatile 

buffers are used. When applying SDS-containing buffers, similar sensitivities are 

obtained. For compounds with lower ESI responses than mebeverine (e.g. less polar 

compounds) the use of APPI is probably more advantageous, particularly when non-

volatiles are present in the separation buffer. It should also be emphasized that in 

MEKC–ESI-MS, the SDS concentration had to be limited to 20 mM and the ESI signal 

gradually decreased in time. Furthermore, as indicated previously, redesigning of the 

APPI source for CE purposes might further improve the sensitivity [36]. 

 

Applicability 
In drug impurity profiling, a widely applicable analytical technique is 

preferred, as the number and nature of drug impurities is not known beforehand. To 

test the potential of MEKC–APPI-MS for impurity profiling, a mebeverine sample (2 

mg/ml) containing three related compounds (mebeverine alcohol, mebeverine amine 

and 4-chlorobutylveratrate) at about 0.25% w/w was analyzed using a BGE of 50 mM 

SDS, 10 mM phosphate (pH 7.5) and 25% acetonitrile. With a sheath liquid 

containing 5% acetone, MEKC–APPI-MS revealed only mebeverine amine and 

mebeverine alcohol (monitored at m/z 194 and 266, respectively) next to the 

overloaded peak of mebeverine. However, when toluene was used as dopant all three 

potential impurities could be detected, clearly separated from the main compound 

(Figure 6). The 4-chlorobutylveratrate was now observed at m/z 272 showing APPI 
behavior of a less polar compound. Acetone cannot enhance (or may even hinder) the 

formation of molecular ions of nonpolar compounds. On the other hand, toluene can 

aid the ionization of nonpolar analytes via charge exchange, but can also induce 

proton transfer to analytes with sufficient proton affinity (i.e. more polar compounds) 

[26]. Indeed, with toluene as dopant, the signals of mebeverine amine and mebeverine 

alcohol were somewhat less enhanced than with acetone, but use of toluene allowed 

the effective detection of every component. Interestingly, 4-chlorobutylveratrate 

could not be detected by ESI-MS, which confirms the low proton affinity of this 
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compound. These observations are in line with the molecular structures of the studied 

compounds. Mebeverine alcohol and mebeverine amine (Figures 1F and 1G) share the 

amine functionality with mebeverine and show a similar APPI behavior yielding 

protonated molecules. On the other hand, 4-chlorobutylveratrate (Figure 1H) lacks  

functional groups that can be easily protonated, yielding M+ ions in APPI. Overall, 

this example of drug impurity profiling convincingly shows that when using the 

appropriate dopant, MEKC–APPI-MS can separate and detect compounds of various 

polarity in one single run. 

 

 

CCCConclusionsonclusionsonclusionsonclusions    

 

The successful combination of MEKC and MS by APPI is described featuring 

some exceptional characteristics. In contrast to coupling technologies applying ESI, 

our new APPI-based system allows the use of non-volatile surfactant and buffers 

without suppressing analyte signals. Moreover, MEKC–APPI-MS can provide 

separation and ionization of both charged/polar and neutral/apolar compounds. These 

features provide the system with a wide and general applicability which can be very 

useful for analytical queries like sample profiling where the number and character of 

the components is not known prior to analysis, and may vary considerably. 

Furthermore, our results offer attractive perspectives for implementation of APPI-MS 

in other modes of CE and MEKC. For instance, it will be interesting to study whether 

ESI suppression effects caused by positively charged surfactants or cyclodextrines (for 

chiral analysis) can be prevented using APPI. Also the use of APPI for hydrophobic 

peptides and proteins (in presence of SDS) is an appealing option that should be 

evaluated. 

As for the relative sensitivity of ESI and APPI, this study suggests that for 

polar compounds ESI might provide higher ionization efficiencies than APPI when a 

volatile BGE is used. In several comparative LC–MS studies applying volatile buffers 

no marked differences were observed between ESI and APPI for basic drugs [40], 

flavonoids [41] and steroids [42]. In order to gain more insight in this matter, we are 

currently performing a more comprehensive comparison of ESI and APPI for CE and 

MEKC involving a series of compounds of various character in combination with 

different types of separation buffers. 
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SummarySummarySummarySummary    

    

The set-up of an on-line method for coupling non-aqueous electrokinetic 

chromatography (NAEKC) and electrospray ionization mass spectrometry (ESI-MS) is 

presented. It allows the use of the single-isomer derivative anionic cyclodextrins 

heptakis(2,3-di-O-methyl-6-O-sulfo)-β-cyclodextrin (HDMS-β-CD) and heptakis(2,3-

di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) for chiral and achiral 

separations of positively charged analytes. The effect of the CDs on the MS signal 

intensities of model compounds was studied. When a voltage is applied over the CE 

capillary, the overall mobility of the CDs is towards the inlet vial preventing CDs 

from entering the ion source. However, the sodium counter ions of the CDs still enter 

the ion source and appeared to cause ionization suppression. Nevertheless, significant 

analyte signals could still be detected with detection limits in the sub-μg/ml. System 

parameters such as sheath liquid composition and flow rate, nebulizing gas pressure, 

capillary position in the sprayer and the drying gas flow and temperature were 

studied and optimized. The selection of a relatively low nebulizing gas pressure 

appeared to be important to achieve optimum sensitivity. The chiral selectivity of the 

NAEKC–ESI-MS system could be improved by addition of camphorsulfonate to the 

background electrolyte. Using mixtures of drugs and drug-related compounds, the 

NAEKC–ESI-MS system is shown to offer potential for (chiral) drug profiling. 
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IntroductionIntroductionIntroductionIntroduction    

    

 During the last decade non-aqueous capillary electrophoresis (NACE) has 

gained strong interest [1,2]. Compared to aqueous CE, NACE offers different and/or 

improved selectivity, enhanced solubility for compounds of low polarity, and 

relatively low conductivity of the background electrolyte (BGE). Recently, the power 

of NACE systems implementing anionic modified sulfated cyclodextrins - more 

properly denoted as non-aqueous electrokinetic chromatography (NAEKC) - has been 

demonstrated [3-5]. In particular for chiral analysis, NAEKC has demonstrated to be 

an excellent method because of its high selectivity, ease of method development, and 

low consumption of (often expensive) pseudo-stationary phases (PSPs) [1-5].  

The combination of NACE and electrospray ionization mass spectrometry 

(ESI-MS) is highly useful in order to achieve lower detection limits than with UV 

detection, and to accomplish the identification of separated compounds. In 

comparison to aqueous CE–MS systems, in some cases enhanced sensitivities and 

better system stabilities have been obtained using NACE–ESI-MS [6-8]. However, the 

non-volatile CDs as used in NAEKC could hamper the coupling with ESI-MS. For 

coupling aqueous CD-EKC with MS different approaches have been described. The 

direct approach, in which CDs are allowed to enter the ion source, indeed shows 

severe interferences with analyte ionization and detection [9-11]. In order to prevent 

CDs from entering the ion source, partial-filling techniques have been used in which 

only a (small) part of the CE capillary is filled with BGE containing the CDs [12-14]. 

This technique improves compatibility with MS, however, separation may be 

compromised. Another approach is the use of so-called reverse-migrating CDs in 

which the CDs have an overall mobility towards the inlet vial and, thus, do not enter 

the ion source [15-17]. Using this approach, the capillary in principle can be filled 

completely with CD-containing BGE at the start of the analysis, which is 

advantageous in terms of separation efficiency and resolution. Recently, we showed 

the feasibility of reverse-migrating CDs in NAEKC–MS [18]. The anionic CD 

heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) was used for the 

chiral analysis of salbutamol in urine using sensitive MS detection. 

In this paper, a more in-depth study of the set-up and performance of the 

previously presented system is reported. The effect of parameters such as the 

composition of the BGE, the type and concentration of CD, the counter-ion of the 

anionic CD, and CE voltage was studied by infusion experiments. Furthermore, the 

effect of the sheath liquid flow rate, the nebulizing gas pressure, and the interface 

settings on the ionization performance was investigated. It is demonstrated that the 
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developed CD-NAEKC–ESI-MS system shows good sensitivity and has potential for 

the chiral and achiral analysis of drugs. 

  

    

Experimental Experimental Experimental Experimental     

 
Chemicals and materials 

Sodium formate, ammonium formate, potassium formate, and acetic acid (99-

100%) were purchased from Merck (Darmstadt, Germany). Pyridoxine, imipramine, 

deptropine, atropine, chlorpromazine, hydroxypropyl-β-cyclodextrin (HP-β-CD), 

(1S)-(+)-10-camphorsulfonic acid, and formic acid (98-100%) were purchased from 

Sigma-Aldrich (Zwijndrecht, The Netherlands). Fluvoxamine, mebeverine (veratric 

acid 4-[ethyl(p-methoxy-α-methyl-phenethyl)amino]-butyl ester hydrochloride), 

mebeverine amine (N-ethyl-4-methoxy-α-methylbenzeneethamine), butoverine (4-

dimethoxybenzoic acid, 4-[ethyl[2-(4-methoxyphenyl)-1-methylethyl}amino]butyl-4-

oxo-butylester), mebeverine alcohol (4-[ethyl[2-(4-methoxyphenyl)-1-

methylethyl]amino]-1-butanol), mebeverine quartenary ammonium iodide compound 

(1-ethyl-1-[1-methyl-2-(4-methoxyphenyl)ethyl]-pyrrolidinum, iodide), and 

desmethyl mebeverine (3-hydroxy-4-methoxybenzoic acid, 4-[ethyl[[1-methyl-2-(4-

methoxyphenyl)ethyl]amino]butyl ester) were kindly provided by Solvay 

Pharmaceuticals (Weesp, The Netherlands). All reagents were of analytical grade. The 

sodium salts of heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) and 

heptakis(2,3-di-O-methyl-6-O-sulfo)-β-cyclodextrin (HDMS-β-CD) were obtained 

from Antek Instruments (Houston, TX, USA). Deionized water was filtered and 

degassed before use. Methanol and acetonitrile (both HPLC grade) were from Biosolve 

(Valkenswaard, The Netherlands). Fused-silica capillaries were from Polymicro 

Technologies (Phoenix, AZ, USA).  

For the infusion experiments, 1-μg/ml mebeverine or salbutamol solutions 

were prepared in 10 mM ammonium formate, 0.75 M formic acid in methanol 

containing 0-30 mM of sodium formate, potassium formate, HP-β-CD, HDMS-β-CD 

or HDAS-β-CD. The test mixture of basic drugs was prepared in methanol at a 

concentration of 10 μg/ml of each compound. The test mixture containing 

mebeverine and its related compounds was prepared in methanol at a concentration 

of 20 μg/ml of each compound. The composition of the sheath liquid was acetonitrile-

water-formic acid (75:25:0.1, v/v/v). 
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CE–MS system  
 NAEKC–ESI-MS experiments were performed using a PrinCE CE system 

(Prince Technologies, Emmen, The Netherlands) equipped with an Agilent 1100 

Series LC/MSD SL ion-trap mass spectrometer from Agilent Technologies. Fused-silica 

separation capillary of 50 cm length, and an internal diameter of 50 µm, was used. A 

new capillary was conditioned with methanol for 15 minutes. At the beginning of 

each working day, the capillary was washed with methanol for 10 min and with the 

BGE for 10 min. Before each injection, the capillary was rinsed with fresh BGE for 3 

min. The applied voltage was 30 kV. Samples were injected by applying a pressure of 

50 mbar for 6 s. During infusion experiments, BGE containing the test compound was 

pumped into the ion source through the CE capillary by applying a constant pressure 

of 50 mbar. Alternatively, a voltage of 30 kV was applied to mimic the conditions 

during CE–MS analysis. Subsequently, the analyte signals were monitored in their 

respective extracted-ion-trace (XIC).  

NAEKC was coupled to MS using a coaxial CE–MS sprayer (Agilent 

Technologies, Waldbronn, Germany) which provides both a coaxial sheath liquid 

make-up flow and a nebulization gas to assist droplet formation. Using optimized 

conditions, the flow-rate of the sheath liquid was 4 µl/min, the nebulizing gas 

pressure was 2 p.s.i., the drying gas flow rate was 1 l/min at a temperature of 150 °C. 

Drying and nebulization gases were both nitrogen. During rinsing of the CE capillary 

with the BGE and during CE injection, the nebulizer gas flow and the electrospray 

voltage (5.0 kV) were switched off. MS detection was carried out in the full scan mode 

in the 50-700 m/z mass range, unless stated differently. The ion-charge-control (ICC) 

mode of the MS was used to prevent overloading of the trap. The plate numbers and 

asymmetry factors were calculated according the European Pharmacopoeia [19]. 

    

    

Results and discussionResults and discussionResults and discussionResults and discussion    

 
Effect of CD on MS performance 

The presence of cyclodextrins (CDs) in the BGE may affect the analyte 

ionization efficiency in CE–MS [10]. In the present study, the effect of a neutral and 

an anionic CD on the ionization yield of a model compound (mebeverine) was studied 

by infusion of the BGE containing the model compound into the ESI ion source using 

either a pressure or a voltage induced flow. The neutral hydroxypropyl-β-

cyclodextrin (HP-β-CD) and the anionic heptakis(2,3-di-O-methyl-6-O-sulfo)-β-

cyclodextrin (HDMS-β-CD) were added in various concentrations (0-30 mM) to a 

BGE of 10 mM ammonium formate and 0.75 M formic acid in methanol. When a 
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solution of the neutral CD was infused by pressure, a strong decrease of the signal of 

mebeverine was observed, even at relatively low CD concentrations (Fig. 1A, upper 

trace). With an increasing concentration of CD, the mebeverine signal gradually 

decreased to almost zero at 30 mM of CD. The CD clearly strongly interferes with the 

ionization of mebeverine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During NAEKC–MS experiments, the actual ionization conditions are 

different from pressure-induced infusion due to the electro-osmotic flow (EOF) and 

the electrophoretic mobilities of analyte and CD (if charged). Therefore, infusion 

experiments were also performed while applying a voltage across the CE capillary, but 

no pressure. The EOF was relatively small (EOF time of ca. 13 min) and appeared to 

be hardly affected by the type and concentration of CD. When using the BGE 

containing the neutral CD, the EOF will cause the neutral CD to enter the ion source. 

Indeed, a strong decrease of the analyte signals is also observed when a voltage is 

applied (Fig. 1A, lower trace). The mass spectra when using the neutral HP-β-CD 

with either pressure- or voltage-induced infusion, are dominated by a large number of 
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Fig. 1 Influence of the (A) HP-β-CD and (B) HDMS-β-CD concentration on the relative MS signal of 

1 μg/ml mebeverine (monitored at m/z 430) dissolved in 10 mM ammonium formate and 0.75 M formic 

acid. Upper traces represent the signals observed during infusion by applying a pressure of + 50 mbar, 

and lower traces represent the signals observed when a voltage of 30 kV and no pressure was applied. 
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signals, which are related to the CD (Fig. 2A). Interpretation of the mass spectra is not 

easy because of the heterogeneity of the CD. Also mass shifts and broadening of the 

spectral peaks of mebeverine were observed.  

When a BGE containing the anionic HDMS-β-CD is introduced using a 

pressure-induced flow, also a strong suppression of the analyte ionization is observed 

(Fig. 1B, upper trace) and the mass spectra are noisy showing a large number of 

background signals, including sodium clusters. The mebeverine signal using the 

anionic CD is even more reduced compared to using the neutral CD, which could be 

due to the fact that ionization suppression is caused by both the CD and its sodium 

counter ions. However, using HDMS-β-CD the loss of analyte signal intensity is much 

less severe when a voltage is applied (Fig. 1B, lower trace), also when compared to the 

neutral CD. With the CE voltage on, the EOF is small and the negatively charged CDs 

have an overall mobility towards the capillary inlet, and, thus, will not enter the ion 

source. This is confirmed by the fact that when a voltage is applied, the background 

spectrum shows only some discrete signals, which appear to originate from sodium 

formate clusters (Fig. 2B). No signals or extra noise caused by the anionic CDs were 

observed in the range up to 2200 m/z. The sodium formate clusters originate from the 

sodium counter ions of the anionic CDs – having an overall mobility towards the 

capillary outlet – which form clusters with the formate ions present in the sheath 

liquid. In order to verify that the overall mobility of the anionic CDs is towards the 

anodic end, the MS settings were adapted for optimum transfer and detection of the 

CDs in stead of low-molecular-weight basic drugs, and the same experiments were 
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Fig. 2 Background mass spectra obtained during NAEKC–ESI-MS analysis using a BGE of 10 mM 

ammonium formate and 0.75 M formic acid with (A) 10 mM HP-β-CD or (B) 10 mM HDMS-β-CD. The 

signals at m/z 279 and m/z 391 are not caused by the BGE but originate from dibutyl phthalate and 

dioctyl phthalate, respectively. 
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carried out. Again, clear CD-related signals showed up when a pressure was applied, 

however, these signals completely disappeared when only a voltage was applied. This 

observation confirms that no anionic CDs enter the ion source during NAEKC–MS. 

In order to study the magnitude of ionization suppression caused by the 

sodium ions, voltage-induced infusion experiments were performed with mebeverine 

solutions containing different concentrations of sodium formate. When the observed 

mebeverine signals were plotted as a function of sodium formate concentrations, the 

resulting curve showed a high similarity with the one obtained for the anionic CD, as 

shown in Fig. 1B (lower trace). In other words, equimolar amounts of HDMS-β-CD 

and sodium formate cause approximately the same degree of ionization suppression, if 

we assume that no CD molecules enter the ion source. This would indicate that only 

one out of the seven available sodium ions is dissociated from the HDMS-β-CD in the 

applied non-aqueous environment. We are currently studying the dissociation 

behaviour of anionic CDs in methanolic media in more detail.  

    

Optimization of interface parameters 
The former infusion experiments showed that despite ionization suppression, 

significant analyte signals can be obtained under NAEKC–MS conditions with anionic 

CDs. For further optimization of the NAEKC–MS system, parameters like sheath 

liquid composition and flow rate, nebulizing gas pressure, capillary sprayer position 

and drying gas flow and temperature, were studied. In order to mimic the conditions 

during NAEKC–MS analyses, this was done by voltage-induced infusion of the test 

compound mebeverine in the BGE. A BGE of 10 mM ammonium formate, 0.75 M 

formic acid in methanol containing 10 mM HDAS-β-CD, was used. 

In previous studies using both aqueous and non-aqueous CE–MS, the sheath 

liquid composition was optimized [18,20]. The optimum composition for basic drugs 

was found to be acetonitrile-water-formic acid (75:25:0.1, v/v/v) [18,20], and 

therefore this composition was also used in this study. The flow rate of the sheath 

liquid was varied between 1 and 10 μl/min. A stable spray and mebeverine signal were 

observed for a flow down to 3 μl/min. An increase of the flow resulted in a slight 

decrease of signal intensities (Fig. 3A). This observation seems to be in contrast with 

CE–MS using a volatile BGE where a relatively stronger decrease in analyte signals is 

observed with increasing sheath liquid flow rates [21]. This apparent deviating trend 

is most probably caused by a distortion of the analyte ion evaporation process by the 

sodium ions of the CDs. The increase of the sheath liquid flow causes an increased 

dilution of the analyte concentrations entering the ion source. When a fully volatile 

BGE is used, this normally leads to reduction of signal, as ESI can be considered a 

concentration-dependent process [22]. However, when sodium ions are present in the 
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CE effluent, the surface of the electrospray droplets is saturated with sodium ions and 

analyte ion evaporation is disturbed yielding suppressed analyte signals. The 

concentration of sodium ions is relatively high and the analyte-sodium ratio remains 

constant when the sheath liquid flow rate is varied. Under such conditions the signal 

is predominantly determined by the suppression of the sodium ions and less by the 

sheath liquid dilution. The effect of sodium ions could be verified by the infusion of 1 

μg/ml mebeverine in BGE containing sodium formate (1, 5 and 10 mM) in stead of 

HDAS-β-CD. For 10 mM sodium formate, the sheath liquid flow rate only had a 

modest effect on the mebeverine signal showing little decrease with increasing flow 

rate. With 1 mM sodium formate, the mebeverine signal obtained at low sheath liquid 

flow rate was considerably higher (less ionization suppression), however, the signal 

showed a much steeper decline when the sheath liquid flow rate was increased. A 

sheath liquid flow rate of 4 µl/min was selected in further experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When using a BGE with HDMS-β-CD, we found that the nebulization gas 

pressure has a signal-reducing effect in the 2-8 p.s.i. range (Fig. 3B). This effect levels 

out at between 10 and 15 p.s.i., and when the pressure is further increased to 20 p.s.i., 

the signal even increases. This dependency was also observed when no CDs were used 

in the BGE. Apparently, a small flow of nebulization gas is sufficient because of the 

high percentage of organic solvent in the sheath liquid and BGE. The nebulizer gas 

then just diffuses the gas stream, reducing the analyte ion sampling efficiency. The 
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Fig. 3 Influence of (A) the sheath liquid flow rate, and (B) nebulizing gas pressure on the ionization 

efficiency of 1 μg/ml mebeverine (monitored at m/z 430). A BGE with 10 mM HDAS-β-CD was used, and 

a voltage of 30 kV was applied. 
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increasing signal above 10 p.s.i. (Fig. 3B) is caused by the fact that high nebulization 

gas flows induce a hydrodynamic flow in the CE capillary. As a consequence, the 

amount of analyte that enters the ion source per unit time increases resulting in 

increased analyte signals. In order to achieve optimum signals and to prevent 

hydrodynamic flow and, thus, loss of CE separation efficiency, a nebulizing gas 

pressure of 2 p.s.i. was used in further experiments. 

The position of the CE capillary in the CE–MS sprayer is of importance for the 

efficiency of the mixing of the CE capillary effluent and the sheath liquid, and the 

subsequent nebulization. The position was varied between -0.1 and +0.2 mm out of 

the sheath liquid capillary (i.e. -1 to +2 marks on the sprayer, respectively). Over the 

entire range stable signals could be obtained, however, a position of +0.1 mm was 

found to give the highest signals under NAEKC conditions. Finally, the drying gas 

flow rate (1-10 l/min) and temperature (100-300 °C) were tested. Our experiments 

(data not shown) indicated that for organic BGEs containing non-volatile additives, a 

low drying gas flow rate of 1 l/min was sufficient in combination with a temperature 

of 150 °C. Drying gas flow rates above 6 l/min resulted in a minor decrease of MS 

signals. Furthermore, no significant change in analyte signals were observed when the 

temperature was varied in the range mentioned. High drying gas flow rates combined 

with high temperatures are not required in (non-aqueous) CE due to the relative low 

solvent flow rate and the high volatility of the solvents used. These results are in line 

with results reported by other authors concluding that variation of these parameters 

only had a minor effect on the observed signal intensities [1,22]. 

 

CD-NAEKC–ESI-MS 
The experiments described above indicate that significant analyte signals can 

be recorded using anionic CDs in NAEKC–ESI-MS. The feasibility of this 

methodology was further tested by analysis of a test mixture containing 6 basic drugs: 

pyridoxine, chlorpromazine, imipramine, fluvoxamine, deptropine, and atropine (10 

μg/ml each). A BGE of 10 mM ammonium formate, 0.75 M formic acid in methanol 

was used [18], containing no CDs, 5 mM HDMS-β-CD or 5 mM HDAS-β-CD. Using 

these systems, all compounds were detected as their respective protonated-molecular 

ion in the corresponding XICs (Fig. 4A-C). Stable signals were obtained, and the noise 

levels were similar for the systems with and without CDs. The intensity of the 

observed peaks using a BGE with 5 mM anionic CDs is approximately 25% of the 

intensity obtained without CDs due to ionization suppression by sodium ions. In full-

scan mode (scan range, 50-700 m/z) LODs between 0.25 and 1.0 μg/ml were obtained 

when 5 mM of anionic CDs was used in the BGE, which is approximately four times 

higher than the LODs obtained using the BGE without CDs. By reducing the scan 
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range or by using single-ion-monitoring, LODs in the low ng/ml-range could be 

obtained in the presence of CDs [18]. With UV absorbance detection, the LODs of the 

analytes were all above 1 μg/ml indicating that MS detection provides both enhanced 

selectivity and sensitivity.   

Looking at separation performance, the resolution obtained for the mixture 

components using the BGE without CD, was quite poor. Furthermore, the plate 

numbers (N) were mediocre (N ≤ 20,000) and the peaks were tailing with asymmetry 

factors between 2 and 3. Addition of 5 mM HDMS-β-CD to the BGE (Fig. 4B), 

increased the selectivity and migration times due to the interaction with the CD, but 

no full separation was obtained. Partial chiral separation was observed for atropine 

(m/z 290) and fluvoxamine (m/z 319). Addition of 5 mM of HDAS-β-CD to the BGE 

(Fig. 4C) provided quite a different selectivity. All mixture compounds were now 

separated, however, no chiral resolution was observed. With the NAEKC–MS 

systems, plate numbers and peak shapes were satisfactory with plate numbers up to 

100,000 and asymmetry factors ranging between 0.9 and 1.8. 

To enhance the enantiomer separation of basic pharmaceuticals in NACE, 

Crommen et al. have demonstrated the usefulness of the ion-pairing reagent (1S)-(+)-

10-camphorsulfonate (CS) in combination with anionic CDs [23,24]. The 

simultaneous use of CS and an anionic β-CD derivative in a methanolic BGE, led to 

enantioresolutions, which often could not be obtained with the CD only. In order to 
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Fig. 4 NACE/NAEKC–MS of a test mixture of basic drugs (10 μg/ml each) containing pyridoxine (m/z 
170), imipramine (m/z 281), atropine (m/z 290), chlorpromazine and fluvoxamine (both m/z 319), and 

deptropine (m/z 334). BGE, 10 mM ammonium formate and 0.75 M formic acid, containing (A) no 

anionic CD, (B) 5 mM HDMS-β-CD and (C) 5 mM HDAS-β-CD. Extracted-ion-chromatograms are 

depicted. 
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check the compatibility of such NAEKC systems with ESI-MS, a test mixture of 

mebeverine and structure analogues was analyzed using a separation system 

containing 30 mM HDMS-β-CD, 30 mM potassium CS and 0.75 M formic acid in 

methanol as previously used by Servais et al. [23]. Using the NAEKC–ESI-MS system, 

the enantiomers of mebeverine and all related compounds could be separated and 

detected within one single analysis (Fig. 5). Compared to the analyses without HDMS-

β-CD and/or CS, significant improvements in both achiral and chiral selectivity was 

obtained. No signals related to the CS or CD were observed in the recorded mass 

spectra which confirms that both selectors migrate towards the capillary inlet. The 

peak shapes of the mebeverine enantiomers (m/z 430) are somewhat distorted due to 

interference with a background signal at m/z 431 caused by a sodium formate cluster. 

Such interferences by sodium clusters can easily be avoided by using e.g. acetic acid in 

the sheath liquid instead of formic acid. This will result in sodium acetate clusters, 

which are detected at other m/z-values. The background spectra observed using 

NAEKC–ESI-MS using anionic CDs and CS showed sodium and potassium formate 

clusters which originate from the respective counter ions of the CD and CS. Infusion 

experiments with potassium formate demonstrated that analyte suppression by 

potassium ions was similar to suppression by sodium ions (data not shown). Still, the 

remaining analyte signals were quite satisfactory. Using NAEKC–ESI-MS with anionic 

CDs and CS, LODs were in the sub-µg/ml-range. 
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ConclusionsConclusionsConclusionsConclusions    

    

The coupling of NAEKC using anionic CDs to ESI–MS was studied and 

accomplished. CDs in principle may suppress analyte ionization, however, as the 

effective mobility of the used anionic CDs is towards the capillary inlet, signal 

reduction by the CDs could be circumvented. Nevertheless, the sodium counter ions 

of the anionic CDs migrate into the ion source causing ionization suppression, but 

stable and significant analyte signals were still obtained. The potential of CD-

NAEKC–ESI-MS for improving chiral and achiral selectivities was demonstrated using 

some test drugs. In full-scan mode (50-700 m/z), LODs in the sub-μg/ml range were 

obtained, which can be considered to be sufficient for use of this technique in drug 

impurity profiling of drugs. Considering the adverse effect of the CD counter ions on 

the ESI-MS performance, it would be favourable to have anionic CDs available with 

volatile counter ions like, e.g., ammonium ions. With such CDs, ionization 

suppression by the counter ion would be fully prevented. Moreover, the formation of 

ion clusters, which may interfere with analyte signals, would be circumvented. 

Prerequisite for the effectiveness of such ammonium CDs would be that they show 

sufficient dissociation in a non-aqueous environment.  
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SummarySummarySummarySummary    

    

The potential of non-aqueous electrokinetic chromatography (NAEKC) using 

cyclodextrins (CDs) for the analysis of drugs was evaluated. Both UV absorbance and 

mass spectrometric (MS) detection were employed. Addition of neutral CDs to the NA 

background electrolyte (BGE) did not significantly enhance the separation of a test 

mixture of drugs and no change in selectivity was observed. Anionic single-isomer 

sulfated CDs strongly added to the selectivity of the NAEKC system inducing an 

enhanced resolution among the test compounds and increasing the migration time 

window. The applicability of the NAEKC system using anionic CDs was demonstrated 

by the profiling of a sample of the drug amiodarone, which cannot be analyzed by 

aqueous EKC because of its poor solubility in water. NAEKC–UV analysis indicated 

the presence of at least eight impurities in the amiodarone substance. In order to 

identify the impurities, the NAEKC system was coupled directly to electrospray 

ionization (ESI) ion-trap MS. The total of detected impurities increased to twelve due 

to the high sensitivity and selectivity of the MS detection. Based on the acquired 

MS/MS data, three sample constituents could be identified as ‘known’ impurities (as 

mentioned in the British Pharmacopoeia), whereas for three unknown impurities 

molecular structures were proposed. Estimated limits of detection for amiodarone 

using the NAEKC method was 1 µg/ml with UV detection, and 15 ng/ml with ESI-MS 

detection (full-scan). The total impurity content was 0.33% and 0.47% relative to the 

amiodarone using NAEKC–UV and NAEKC–ESI-MS, respectively. 
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IntroductionIntroductionIntroductionIntroduction    

    

Separation technologies are in the heart of modern pharmaceutical analysis. 

Nowadays, liquid chromatography (LC) in combination with UV absorbance and mass 

spectrometric (MS) detection is the routine analytical technique in pharmaceutical 

analysis. For many queries like e.g. impurity profiling, LC has proven to be a reliable 

and adequate technique. Nevertheless, due to increasingly stringent regulations, and 

growing sample complexity of pharmaceutical products, there is a persistent need for 

alternative separation techniques that can provide different and/or enhanced 

resolution or peak capacity. Capillary electrophoresis (CE) might be one of these 

orthogonal techniques having favorable characteristics like high separation efficiency, 

high peak capacity and a wide applicability [1]. However, the solubility of drugs in 

water might be poor, complicating their analysis by aqueous CE. Non-aqueous 

capillary electrophoresis (NACE) using organic solvents like methanol and acetonitrile 

can provide a solution for these kinds of solubility problems [2]. Furthermore, with 

NACE a different selectivity is obtained which may be important when separations 

have to be improved. Like in aqueous CE, in NACE additives like cyclodextrins have 

been applied in order to facilitate separation of drug enantiomers [3-8]. The use of 

anionic and cationic (single-isomer) cyclodextrin derivatives in NAEKC for chiral 

analysis of basic and acidic drugs, respectively has been demonstrated [3,4,8]. 

However, use of such systems for enhancement of separation of drug mixtures is not 

well established in NAEKC. 

In this study, the potential of NAEKC using neutral and anionic CDs was 

evaluated by the separation of test mixtures of drugs. The potential of the most 

promising system was further evaluated by the impurity profiling of the drug 

amiodarone. Amiodarone shows a poor solubility in water and, therefore, is a relevant 

example for evaluation of the NAEKC systems. From literature, it is known that a 

significant number of related compounds can be present in the drug substance of 

amiodarone as has been indicated by reversed-phase LC [9]. In order to identify the 

impurities detected by NAEKC–UV and to decrease the detection limits, the NAEKC 

system was coupled to electrospray ionization (ESI)-MS. NAEKC–MS in principle is 

not straightforward due to the presence of non-volatile cyclodextrines which can 

seriously interfere with the analyte ionization [10]. However, effective coupling of 

NAEKC using anionic CDs with MS has recently been achieved in our laboratories 

[11,12]. In our set-up the overall mobility of the anionic CDs was towards the 

capillary inlet so that the CDs did not enter the ion source. Therefore, the analyte 

ionization was not affected by the CDs, allowing detection of analyte signals in the 

ng/ml range. 
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Experimental Experimental Experimental Experimental     

 
Chemicals and materials 

Ammonium formate, was purchased from Merck (Darmstadt, Germany). 

Pyridoxine, imipramine, deptropine, atropine, chlorpromazine, 2-hydroxypropyl-β-

cyclodextrin (2HP-β-CD) and formic acid 98-100% were purchased from Sigma-

Aldrich (Zwijndrecht, the Netherlands). All reagents were of analytical grade. 

Amiodarone HCl was obtained from Sinochem Jiangsu (Nanjing, China) and stored at 

room temperature for one year. The sodium salts of heptakis(2,3-di-O-acetyl-6-O-

sulfo)-β-cyclodextrin (HDAS-β-CD) and heptakis(2,3-di-O-methyl-6-O-sulfo)-β-

cyclodextrin (HDMS-β-CD) were obtained from Antek Instruments (Houston, TX, 

USA). Deionized water was filtered and degassed before use. Methanol and 

acetonitrile (both HPLC grade) were from Biosolve (Valkenswaard, the Netherlands). 

Fused-silica capillaries were from Polymicro Technologies (Phoenix, AZ, USA). A 

new capillary was conditioned with methanol during 15 minutes. 

A test mixture containing various drugs (deptropine, pyridoxine, imipramine, 

fluvoxamine, chlorpromazine, and atropine (20 µg/ml each)) was prepared in 

methanol. Amiodarone was dissolved in methanol at a concentration of 1 or 4 mg/ml. 

The sheath liquid was acetonitrile-water-formic acid or acetic acid (75:25:0.1, v/v/v). 

    

CE systems  
 NAEKC–UV experiments were performed using an Agilent HPCE system 

(Agilent Technologies, Waldbronn, Germany). A fused-silica capillary of 48.5 cm 

length (40 cm to detector) and an internal diameter of 50 µm, was used. At the 

beginning of each working day, the capillary was washed with methanol for 10 min 

and with the BGE for 10 min. Before each injection, the capillary was rinsed with 

fresh BGE for 3 min. Samples were injected by applying a pressure of 50 mbar for 4 s. 

The separation voltage was 30 kV. Detection was performed at 200 nm (10 nm 

bandwidth). 

 NAEKC–ESI-MS experiments were performed using a PrinCE CE system 

(Prince Technologies, Emmen, The Netherlands) equipped with an ion-trap MS. A 

fused-silica capillary of 50 cm length and an internal diameter of 50 µm was used. The 

applied voltage was 30 kV. Samples were injected by applying a pressure of 50 mbar 

for 6 s.  
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MS system 
 NAEKC was coupled to an Agilent 1100 Series LC/MSD SL ion-trap mass 

spectrometer from Agilent Technologies using a coaxial CE–MS sprayer (Agilent 

Technologies, Waldbronn, Germany) which provides both a sheath liquid make-up 

flow and nebulization gas to assist droplet formation. The flow rate of the sheath 

liquid was 4 µl/min, the nebulizing gas pressure was 2 p.s.i., the drying gas flow rate 

was 1 l/min at a temperature of 150 °C, unless stated differently. Drying and 

nebulization gases were both nitrogen. During rinsing of the CE capillary with the 

BGE and during CE injection, the nebulizer gas flow and the electrospray voltage (+ 

5.0 kV) were switched off. MS detection was carried out in the full scan mode in the 

50-700 m/z mass range, unless stated differently. Analyte signals were monitored in 

their extracted-ion-traces (XIC). The ion-charge-control (ICC) mode of the MS was 

used to prevent overloading of the trap. Quantification of the concentrations of 

impurities using UV and MS detection was done by comparing the peak areas of the 

impurities with the peak area of a diluted (not overloaded) amiodarone sample. 

    

    

Results and discussionResults and discussionResults and discussionResults and discussion    

 

Effect of CDs 
The effect of the neutral CD hydroxypropyl-β-cyclodextrin (HP-β-CD), and 

the anionic CDs heptakis(2,3-di-O-methyl-6-O-sulfo)-β-cyclodextrin (HDMS-β-CD) 

and heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) on the 

NAEKC selectivity was studied. Other CDs, like β-CD and sulfated β-CD, did not 

(sufficiently) dissolve in methanolic BGEs and, thus, could not be used. The CDs were 

added to a BGE of methanol containing 10 mM ammonium formate and 0.75 M 

formic acid [11-14]. A test mixture containing various chiral and non-chiral basic 

drugs was used. With a BGE without CD, the test compounds migrated within a one-

minute range, and no complete separation was obtained (Fig. 1A). The migration 

times of the last test compounds increased when 30 mM HP-β-CD was added to the 

BGE (Fig. 1B), and an enhanced resolution was observed. The peak shape of the early 

migrating compounds was satisfactory, but the late migrating compounds 

(chlorpromazine and atropine) showed rather broad and tailing peaks. No baseline 

resolution of all compounds was obtained and the peak order remained unchanged. 

The effect of the CD on the separation is most probably only caused by the change of 

viscosity of the BGE when increasing the CD concentration. Addition of 5 mM 

anionic HDMS-β-CD allowed all compounds to be separated with quite symmetrical 

peaks (Fig. 1C). Compared to the systems without CDs or with neutral CDs, changes 
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in migration order were observed indicating that the selectivity of the NAEKC system 

using the anionic CD is different. For example, the migration time of pyridoxine 

hardly changed which implies only minor interaction of this compound with the 

anionic CD. On the other hand deptropine shows a significant shift in migration time, 

and thus is significantly retained by the CD. Furthermore, for atropine chiral 

separation could also be observed. Increase of the HDMS-β-CD concentration to 30 

mM slightly increased the migration times and resolution among the test compounds, 

and led to an almost complete separation of the atropine enantiomers.  

When 5 mM HDAS-β-CD was added to the BGE, a strong increase of the 

migration times for all compounds was observed (Fig. 1D). The compounds which all 

showed symmetrical peaks were now detected in a wide time interval: the first 

compound (pyridoxine) migrates at 6 min and the last compound (chlorpromazine) at 

15 min. In the 11-13 min interval, some system peaks were observed. Enhanced 

separation and peak capacity were obtained, however, no chiral selectivity was 

observed for the test compounds. The migration order of the drugs was different from 

the previously tested systems. Pyridoxine also appeared to have little interaction with 
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Fig. 1.  NAEKC–UV of a test mixture of basic drugs using a BGE of methanol, 10 mM ammonium 

formate, 0.75 M formic acid and (A) 0 mM CD, (B) 30 mM 2HP-β-CD, (C) 5 mM HDMS-β-CD, (D) 5 mM 

HDAS-β-CD. Compounds, 1. deptropine, 2. pyridoxine, 3. imipramine, 4. fluvoxamine, 5. 

chlorpromazine, 6. atropine. Capillary length, 48.5 cm (40.0 cm effective). 
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HDAS-β-CD. When 10 and 30 mM HDAS-β-CD were used, a small increase in 

migration times for the various compounds was obtained but no significant gain in 

resolution. The selectivity induced by the anionic CDs can probably be explained by 

the electrostatic analyte-CD interactions - which are absent with the neutral CDs [8] - 

in combination with the effect of the counter migration principle [15-16]. A 

negatively charged CD, migrating in the opposite direction to the EOF and the basic 

compounds, can effectively increase the separation of compounds. 

 

Profiling of amiodarone 
It appears that HDAS-β-CD can strongly enhance the selectivity of NACE 

systems for the analysis of drug mixtures. In order to study the potential of the 

NAEKC system, using HDAS-β-CD for drug impurity profiling, a sample of the drug 

substance amiodarone that had been stored at room temperature for one year, was 

analyzed. The solubility of amiodarone in water is poor and, therefore cannot be 

analyzed by aqueous CE or EKC. NACE analysis of the amiodarone sample using a 

BGE without CDs revealed three impurities migrating prior to the drug. NAEKC 

analysis of the amiodarone sample using a BGE containing 5 mM HDAS-β-CD 

revealed a number of seven impurities migrating before and after the main compound. 

With 10 mM HDAS-β-CD even eight impurities could be detected (Fig. 2), and a 

larger separation window and a somewhat better resolution between the amiodarone 

 

10 12 14 16 18 20 22 24 26 28 30

-20

-18

-16

-14

-12

-10

-8

-6

*

***

*

*

*m
A

U

time (min)

Fig. 2. NAEKC–UV of an amiodarone sample (4 mg/ml) using a BGE of methanol, 10 mM ammonium 
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and various compounds was obtained. A system peak causing a distortion of the 

baseline was now observed at approximately 24 min due to the longer capillary used 

(cf. Fig. 1D). Higher concentration of the CD did not reveal more impurities or 

improve the resolution of the detected compounds. 

 

10 15 20 25 30 35

0.0

1.0x10
6

0.0

1.5x10
6

0.0

2.4x10
7

0.0

1.0x10
7

0.0

2.0x10
6

0.0

2.8x10
6

0.0

1.0x10
7

0.0

7.5x10
5

0.0

6.0x10
50.0

2.0x10
60.0

2.0x10
6

0.0

5.0x10
5

0.0

6.0x10
5

time (min)

520

660

750

618

662

676

a
b

u
n

d
a

n
c
e

 (
a

rb
)

646

592

694

578

564

536

572

Fig. 3. NAEKC–ESI-MS of an amiodarone sample (1 mg/ml) using a BGE of methanol, 10 mM 

ammonium formate, 0.75 M formic acid and 10 mM HDAS-β-CD. Capillary length, 70.0 cm. 
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Based on corrected peak areas obtained with UV absorbance detection, the relative 

content of impurities in the amiodarone sample is estimated to be 0.33%. Most likely, 

this is a reliable estimation because the relative response factors for amiodarone and a 

number of related impurities only slightly differ [9]. For proper determination, the 

amiodarone was analyzed at low concentration level (10 µg/ml) and the peak area was 

extrapolated. The most abundant impurity is detected just before the main peak of the 

drug and represents a relative content of 0.19%. Based on the analysis of a diluted 

sample of known concentration, the limit of detection (LOD) for amiodarone and its 

related compounds was estimated to be 1 μg/ml. 

In order to allow characterization and identification of the impurities, and to 

enhance the detection sensitivity, the NAEKC system was coupled to ESI-MS. In 

previous papers we have demonstrated the feasibility and applicability of on-line 

NAEKC–ESI-MS for (chiral) drug analysis [11,12]. No adaptations of the NAEKC 

conditions were needed for the MS coupling. The amiodarone sample was analyzed by 

NAEKC–ESI-MS using a BGE containing 10 mM HDAS-β-CD. In the total-ion-

current (TIC) the peak of the amiodarone could be discerned together with some 

smaller peaks. However, using extracted-ion traces (XICs), twelve impurities could be 

detected (Fig. 3) showing symmetric peak shapes and good efficiencies. The 

overloaded amiodarone (m/z 646) causes some baseline noise in the other XICs, but 

the individual impurities can be clearly discerned. The XIC of m/z 520 reveals next to 

an impurity at ca. 34 min, also a fragment of amiodarone resulting from the ESI 

process.   
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ESI-MS/MS analysis of the amiodarone sample (1mg/ml). BGE, see Fig. 3. 
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Fig. 5. Product spectra and proposed molecular structures of various impurities detected with NAEKC–ESI-

MS/MS of the amiodarone sample (1 mg/ml). 
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In the monograph of amiodarone in the British Pharmacopoeia (BP) eight potential 

impurities are stated [17], however, only four of these compounds (denoted as 

impurities A, B, C and D) contain an amine functionality. The NAEKC system 

described in this paper is only suitable for the analysis of basic compounds. Neutral 

compounds have no effective electrophoretic mobility towards the detector and show 

only weak interactions with the anionic CD. Therefore, the four neutral impurities of 

amiodarone (E-H) mentioned in the BP [17] are not detected using the NAEKC 

system, which implies that a significant number of unknown impurities is observed. 

BP impurities B, C and D were nicely separated and detected at m/z 618, 520 and 676, 

respectively. Impurity A (expected at m/z 393) was not found in the sample. This 

could either indicate the absence of the impurity, or co-migration of the impurity 

with the drug causing distortion of the ionization and detection. In an attempt to 

identify the observed impurities, MS/MS spectra were recorded after NAEKC 

separation. The product spectrum of amiodarone is depicted in Fig. 4, including an 

interpretation of the fragmentation of amiodarone. Based on this spectrum and the 

spectra obtained for m/z 618, 520 and 676 (Fig. 5A-C), the corresponding compounds 

could be identified as being impurities B, C and D, respectively. Furthermore, based 

on the MS/MS data molecular structures could be proposed for some other impurities 

(Fig. 5D-F). The fragmentation pattern of the most abundant impurity with m/z 750 

(Fig. 5G) shows no similarities with the product spectrum of amiodarone and the 

other identified impurities, and most probably is an unrelated compound. So far, we 

were not able to identify this impurity. 

Based on the peak areas obtained with NAEKC–ESI-MS, the total impurity 

content is estimated to be 0.47% relative to amiodarone. For proper determination, 

the amiodarone was analyzed at low concentration level (10 µg/ml) and the peak area 

was extrapolated. From the latter experiment, the LOD of amiodarone was estimated 

to be 15 ng/ml. Assuming identical response factors (peak area) for the impurities as 

for amiodarone, the injected concentration of the most abundant impurity (m/z 750) 

was ca. 2000 ng/ml, whereas the injected concentration of the least abundant 

impurity was 60 ng/ml.  

    

    

ConclusionsConclusionsConclusionsConclusions    

    

NAEKC using anionic CDs was successfully applied to improve the separation 

of mixtures of basic drugs; a large separation window and high peak capacity were 

obtained. On the other hand, neutral CDs did not significantly enhance the separation 

of basic drugs mixtures. The role of electrostatic interaction between CD and analyte 
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seems crucial to obtain enhanced separations in NAEKC systems. The applicability of 

the NAEKC systems using anionic CDs was demonstrated by the profiling of 

amiodarone. Using ESI-MS detection, strongly enhanced selectivity and detection 

sensitivity compared to UV-detection was obtained, allowing detection of impurities 

far below the important 0.1% level. Based on MS/MS  spectra from the impurities, the 

identity of most impurities could be determined. Overall, NAEKC–ESI-MS systems 

using anionic CDs can strongly improve the separation of basic drugs, and LODs in 

the low-ng/ml range can be obtained. This clearly demonstrates the potential of 

NAEKC–MS for drug impurity profiling. In analogy to the NAEKC systems using 

anionic CDs, for profiling of acidic drugs NAEKC(–MS) systems using cationic CDs 

might be useful, and their potential should be evaluated. 
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SummarySummarySummarySummary    

 

The usefulness of the on-line coupling of non-aqueous capillary 

electrophoresis (NACE) with electrospray ionization (ESI) mass spectrometry (MS) 

using heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) was 

demonstrated for the enantioselective determination of low concentrations of 

salbutamol in human urine. After optimization of several parameters, such as sheath-

liquid composition and flow rate, nebulizing gas pressure, CE counter-pressure and 

position of the CE capillary outlet, a limit of quantification of 18 and 20 ng/ml was 

obtained for salbutamol enantiomers. Moreover, the relative standard deviation values 

for repeatability at a concentration of 30 ng/ml were below 7% for both enantiomers. 

Typical regression lines obtained after application of a simple linear regression model 

revealed a good relationship between peak area and analyte concentration (with 

0.9988 and 0.9966 as coefficients of determination). This paper proposes an easy to use 

and sensitive NACE-MS method to determine enantiomers of a basic chiral drug in 

biological fluids preceded by solid-phase extraction as sample cleanup. 
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IntroductionIntroductionIntroductionIntroduction    

    

Analytical separation methods are still needed to control the enantiomeric 

purity of drugs. The regulatory authorities (i.e. FDA) require quantitation of chiral 

drugs in pharmacological, toxicological and clinical settings. Thus, sensitive and robust 

methods able to separate and detect low concentrations of enantiomers could play a 

key role in the determination of the biological function of chiral drugs, their 

metabolism or their rate in biological fluids. 

Capillary electrophoresis (CE) is known to be one of the most powerful 

analytical techniques for chiral separations, principally due to its high separation 

efficiency [1-5]. Over the past few years, non-aqueous (NA) media have been 

introduced with success to obtain and improve selectivity in CE [6-9]. However, the 

drawback of CE with UV detection is the low suitability for the determination of trace 

levels of pharmaceuticals and metabolites in pharmacokinetic studies. For those 

applications, more sensitive detectors are needed, specially in NACE-UV due to UV-

absorption of many organic solvents. On-line coupling of chiral CE with electrospray 

ionization mass spectrometry (ESI-MS) may solve the problem, since MS is a sensitive 

and selective detector. In literature, many applications illustrate the gain of sensitivity 

in chiral CE by using MS instead of UV detection [10-12]. In the field of chiral NACE 

with MS detection, the enantiomers of basic drugs were separated by means of an ion-

pairing reagent used as chiral selector 13. 

With the recent developments of a range of ionization sources and the 

improvement of mass analyzers, sensitivity, repeatability as well as ruggedness of CE-

MS for pharmaceutical analysis have considerably improved [14-17]. 
Despite CE-MS is widely used for qualitative analysis, few quantitative 

applications have been published so far [18,19] and, to the best of our knowledge, 

chiral separations using cyclodextrins in NA media coupled with MS have never been 

undertaken. 

Salbutamol is a sympathomimetic drug with potent β2-adrenoceptor 

stimulating properties widely used in the treatment of respiratory diseases. Because 

this drug is usually administrated as the racemate, each enantiomer needs to be 

monitored separately, since metabolism, excretion or clearance might be radically 

different for both enantiomers [20]. The therapeutic activity of salbutamol has been 

shown to be associated with the R(-) enantiomer with little or no adrenoceptor 

stimulation attributed to the S(+) enantiomer [21]. 

In this paper, the potential of cyclodextrin-NACE coupled with ESI-MS was 

investigated as an enantioselective bioanalytical tool for detecting and quantifying 

enantiomers of drugs in vivo. This approach was applied to the quantitative 
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determination of salbutamol enantiomers in human urine after a solid-phase 

extraction (SPE) procedure, as a model case. In a previous paper [22], a SPE-NACE-UV 

method for the determination of the enantiomers of this drug was validated and LOD 

of 125 ng/ml was obtained. In the present study, the transferability of this method to a 

MS detector was demonstrated and a improvement of the sensitivity was observed. 

 

    

Experimental Experimental Experimental Experimental     

 
Instrumentation 
 CE-UV experiments were carried out on a HP3DCE system (Agilent 

Technologies, Waldbronn, Germany) equipped with an autosampler, an on-column 

diode-array detector and a temperature control system (15-60 °C ± 0.1 °C). A CE 

Chemstation (Agilent Technologies) was used for instrument control, data acquisition 

and data handling. Fused-silica capillaries were provided by Beckman Coulter 

(Fullerton, CA, USA). Capillary dimension was 50 µm and 375 µm for internal and 

external diameters, respectively, with a total length of 48.5 cm (40 cm to the 

detector). UV detection was performed at 230 nm. 

CE-MS experiments were performed using a PrinCE CE system (Prince 

Technologies, Emmen, The Netherlands) equipped with an Agilent 1100 Series 

LC/MSD SL ion-trap mass spectrometer from Agilent Technologies. The separation 

was performed in a fused-silica capillary of 48.5 cm total length, and an internal 

diameter of 50 µm. The ESI-MS measurements were carried out in the positive 

ionization mode. CE was coupled to MS using a coaxial CE-MS sprayer (Agilent 

Technologies) which provides both a coaxial sheath liquid make-up flow and a 

nebulization gas to assist droplet formation. The flow-rate of the sheath liquid was 2.5 

µl/min and the nebulizing gas rate was 4 l/h. Drying and nebulization gases were both 

nitrogen. During rinsing of the CE capillary with the BGE and during CE injection, 

the nebulizer gas flow and the high voltage of the CE-MS sprayer were switched off. 

To minimize negative effects (e.g., peak broadening and loss of resolution) due to a 

suction effect caused by nebulizer gas, a counter-pressure of approximately -16 mbar 

was applied (9 sec after the injection) on the inlet vial during CE-MS analysis. 

The electrospray voltage was set at 5.0 kV, the nebulizing gas pressure was 

adjusted to 6 p.s.i and the drying gas flow rate as well as temperature were set at 4 

L/min and 150 °C, respectively. MS detection was carried out in the full scan mode in 

the 205-245 m/z mass range. The ion-charge-control (ICC) mode of the MS was used 

to prevent overloading of the trap. In order to get a good sensitivity (reduced noise 

levels), the ion accumulation time was adjusted to 100 ms. 
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 The ASPEC system (Automatic Sample Preparation with Extraction 

Cartridges) from Gilson (Villers-le-Bel, France) consisted of a sample processor 

equipped with an XYZ-motion robotic arm, a Model 401 diluter/pipetter connected to 

a needle attached to the robotic arm and a set of racks and accessories for handling 

disposable extraction cartridges (DECs), urine samples  and solvents. An IBM-

compatible computer (CPU type 80486) equipped with GME-715 version 1.1 (HPLC 

System Controller) software from Gilson was used to control the ASPEC system. 

 The e.noval software (Arlenda, Liège, Belgium) was used to determine the 

accuracy profiles as well as the quantitative results. 

 

Chemicals and reagents 
(R, S)-salbutamol was supplied by Cambrex Profarmaco (Milano, Italy). 

Heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-β-CD) was obtained from 

Antek Instruments (Houston, TX, USA). Their chemical structures are presented in 

Figure 1. Ammonium formate was from Sigma-Aldrich (Saint-Louis, MO, USA). 

Formic acid 98-100 % and ammonia solution 25 % were obtained from Merck 

(Darmstadt, Germany). Sodium formate was purchased from U.C.B. (Leuven, 

Belgium). Ascorbic acid was from Certa (Braine-l’Alleud, Belgium). All reagents were 

of analytical grade. Water used in all experiments was of Milli-Q quality (Millipore, 

Bedford, MA, USA). Isolute HCX-3 (130 mg/ml) DECs were obtained from 

International Sorbent Technology (Mid Glamorgan, UK). Methanol from Merck was 

of HPLC grade. The background electrolyte (BGE) and samples solutions were filtered 

through a Polypure polypropylene membrane filter (0.2 µm) from Alltech (Laarne, 

Belgium) before use. 
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Fig. 1. Structures of (A) salbutamol and (B) heptakis(2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin (HDAS-

β-CD) 
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Electrophoretic technique 
 A new capillary was conditioned with methanol for 15 min. At the beginning 

of each working day, the capillary was washed with methanol for 15 min and with 

the BGE for 15 min. Before each injection, the capillary was washed successively with 

methanol for 2 min and then equilibrated with the BGE for 2 min. The applied 

voltage was 25 kV. The selected BGE was composed of 10 mM ammonium formate 

and 15 mM HDAS-β-CD in methanol acidified with 0.75 M formic acid. Injections 

were made by pressure for a period of 30 s (corresponding to 88 nl, i. e. 9 % of the 

total volume of the capillary) and the capillary was thermostated at 20 °C. The 

resolution (Rs) was calculated according to the standard expression based on peak 

width at half height [23]. 

 

Standard solutions 
 The solution used for method development was prepared by dissolving 

salbutamol at a concentration of ca. 100 ng/ml in methanol. To evaluate quantitative 

CE performances, a stock solution was prepared by dissolving 48 mg of salbutamol in 

50 mL of methanol containing 1 % ascorbic acid (which was added in order to prevent 

oxidation). The stock solution of salbutamol was diluted in sodium formate solution 

(pH 6.0) to obtain various concentrations. 800 µl of drug free urine were spiked with 

200 µl of these diluted solutions to obtain a calibration curve ranging from 15 to 150 

ng/ml for each enantiomer. Each calibration sample was treated in duplicate. 

 

Urine sample preparation 

 The urine samples were treated according to a previously published SPE 

procedure 22, which uses Isolute HCX-3 DECs containing a sorbent providing a dual 

retention mechanism (SO3-/C18 The eluate was collected and gently evaporated to 

dryness under a nitrogen stream. The dried extracts were then reconstituted in an 

appropriate volume of methanol (250 µl) and the methanolic solutions were sonicated 

for 10 min, filtered through a polypropylene membrane filter and injected into the CE 

system. 

 

 

Results and discussionResults and discussionResults and discussionResults and discussion    

 
Parameters for CE-ESI-MS 

The aim of the study was to prove that the NACE method developed for the 

determination of salbutamol enantiomers in CE-UV [22] is directly applicable in CE-

MS. The selected BGE, which was composed of 10 mM ammonium formate and 15 
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mM HDAS-β-CD in methanol acidified with 0.75 M formic acid, offers good 

possibilities to be directly applied for MS coupling since the BGE contains volatile 

solvents and salts and the CD migrates towards the capillary inlet away from the MS 

detector. 

Stable CE-ESI-MS conditions are depending of some critical electrospray 

parameters, i.e. sheath liquid composition and flow rate, nebulizing gas pressure, 

electrospray voltage and the capillary outlet position [12,18,24]. Sheath liquid is used 

to connect electrically the CE outlet to ground potential at the sprayer and to supply 

sufficient liquid for forming a stable electropsray. In order to determine the effect of 

the sheath liquid composition on the MS signal abundance and stability, mixtures of 

water and acetonitrile, methanol or isopropanol in the presence of 0.1 % formic or 

acetic acid were tested. An acetonitrile-water mixture (75/25; v/v) containing 0.1% 

formic acid gave the highest ion abundance for salbutamol as well as the most stable 

conditions. 

The sheath liquid flow rate was also investigated. As expected, high flow rates 

(i.e. 5 µl/min) resulted in lower signal-to-noise ratio, due to the dilution of the 

enantiomers, whereas very low flow rates gave rise to an unstable spray. Finally, a 

flow rate of 2.5 µl/min was selected. 

It is well known that the nebulizing gas pressure, applied in the ESI source in 

order to assist droplet formation and stabilize the spray, may influence sensitivity 

[25]. The effect of the nebulizing gas pressure over the 2-20 psi range was 

investigated. A value of 6 psi was found to give the best results in terms of sensitivity 

and stability. This corresponds to a relatively low gas pressure but it is sufficient to 

have a good performance, probably due to the high volatility of the BGE and the low 

sheath liquid flow rate. On the other hand, the application of the nebulizing gas 

generates a reduced pressure at the capillary outlet and, thus, a hydrodynamic flow 

may occur in the capillary. For this reason, air may be entering the capillary inlet 

during the injection process causing current instabilities. Therefore, the nebulizer gas 

flow was switched off during injection. Moreover, the hydrodynamic flow (which is 

laminar) causes reduced CE performance (efficiency and resolution) and decreased 

migration times. Consequently, it was necessary to compensate the suction effect by 

applying a counter-pressure at the CE inlet. In order to determine the appropriate 

pressure to be applied, a NACE-UV analysis was performed as reference 

electropherogram in terms of migration times and separation performances, by 

substituting the outlet BGE vial by a vial containing the selected sheath liquid (Figure 

2A). A resolution of 6.1 was observed in these conditions. As can be seen in Figure 2B, 

a counter-pressure of -16 mbar was found to preserve migration times and gave the 

best peak efficiency and resolution in NACE-MS (Rs value: 3.1). 
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In this study, electrospray voltage was kept constant at 5 kV, while the 

position of the capillary outlet was optimized. The best sensitivity and stability were 

obtained with a capillary outlet carefully adjusted 0.5 mm inside the needle (1 mark 

on the Agilent CE sprayer). 

It is important to notice that the selected BGE, even if it contains CDs, i.e. a 

non-volatile component, did not suppress the MS signal. Indeed, the peak area of 

salbutamol, obtained after CE injection in the capillary with a BGE without CD, is 

equal to the peak area of the enantiomers in the chiral electrolyte. Furthermore, no 

background signal at the m/z of salbutamol was observed when the BGE containing 

the CD was used. A more extensive discussion of the parameters affecting the coupling 

of CD-NACE with MS will be given in a separate paper. 

Before evaluating the quantitative performance of the developed NACE-ESI-

MS method, the ion mode monitoring was studied in terms of sensitivity. Single ion 

mode (SIM) and full-scan monitoring were compared, but SIM did not significantly 

improve the sensitivity compared to full-scan mode in the 200-250 m/z mass range. As 
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Fig. 2. Enantioseparation of salbutamol using a BGE made up of 10 mM ammonium formate and 15 mM 

HDAS-β-CD in methanol acidified with 0.75 M formic acid. (A) NACE-UV at 230 nm, 1.5 µg/ml of each 

enantiomer. (B) SPE-NACE-ESI-MS (extracted ion current –EIC– at 240.4 m/z), 30 ng/ml of each 

enantiomer. Other conditions: see Section 2. 
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long as in ion-trap MS in full-scan mode, a relatively small mass range and a relatively 

long accumulation time are used, no significant reduction of the noise level and, thus, 

improvement of the sensitivity is obtained compared to SIM. 

 

Quantitative data and applicability 
 In order to evaluate the applicability of this NACE-MS method for 

quantitative purposes in bioanalysis, the response function was determined and the 

concentration range, the LOQ as well as the method repeatability were estimated. The 

SPE technique was selected for urine sample cleanup prior to CE-MS analysis 

according to the previously published method [22] in order to eliminate inorganic 

ions and other endogenous compounds that can interfere in the quantification, and to 

concentrate the analyte. 

 On the basis of the response function and repeatability results, it has been 

noticed that isoprenaline, the internal standard of the NACE-UV method, did not 

improve the NACE-MS quantitation. MS parameters were optimised in order to 

efficiently ionize salbutamol but these conditions were not optimal for isoprenaline. 

Nevertheless, we found that our method did not require an internal standard to 

compensate for CE injection variations that are minimized in this case since the 

injection time is quite long (30 sec). However, if an internal standard would be 

absolutely necessary, one could use a deuterated compound. 

Concerning the analytical response, it is important to remember that the peak 

area has not to be normalized by the migration time since detection is performed 

outside the capillary and therefore is no longer dependent of analyte velocity [18] . 

The first step consisted in the assessment of the relationship between response 

(peak area) and concentration in order to avoid serious difficulties in the estimation of 

other validation criteria [26]. In order to select the most appropriate response 

function, the SFSTP approach based on the accuracy profile has been used [27,28]. 

The response function is considered as adequate when the accuracy profile is within 

the acceptance limits – fixed a priori at ± 20% – on all the dosing range of interest. 

Once the experiments have been performed, the response function can be determined 

by applying different regression models and selecting the most appropriate accuracy 

profile. The linear regression model based on the least-squares method was selected 

since it represents the simplest model adequately describing the concentration-

response relationship for both enantiomers (Figure 3). The following equations were 

obtained (15, 30, 75, and 150 ng/ml): 

 

Y = -1.722 .104 + 8811 X   r2 = 0.9988   (Enantiomer 1) 

Y= -2.306 .104 + 8153 X r2 = 0.9966   (Enantiomer 2) 
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(1)      (2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The determination coefficients (r2) obtained for both regression lines 

demonstrate the good relationship between peak area and analyte concentration. 

In addition, the accuracy profiles allowed the estimation of the LOQ. Indeed, 

this one corresponds to the concentration at which the tolerance limits are no longer 

included within the acceptance limits (± 20 %), i.e. 18 ng/ml for the first enantiomer 

and 20 ng/ml for the second one. Figure 4 presents a typical electropherogram of 

salbutamol enantiomers at a concentration close to LOQ obtained by using SPE-

NACE-ESI-MS. It is noted that, compared with the LOQ of the NACE-UV method 

(i.e. 375 ng/ml for an injection time of 15 sec), the use of an MS detector (with an 

injection time of 30 sec) gives rise to a tenfold increase of sensitivity. As for the LOD, 

it was estimated using the intercept and the residual variance of the regression line. 

By applying this computation method, the LOD of the developed method was equal to 

8 ng/ml for the first enantiomer and to 14 ng/ml for the second one. 

Regardless of the calibration line, the analysis of six urine samples spiked with 

salbutamol at a concentration of 30 ng/ml of each enantiomer (i.e. a concentration 

close the LOQ) has been performed. Relative standard deviation values exhibit good 

results for a SPE-NACE-MS method (5.5% for the first enantiomer and 6.9% for the 

second one) illustrating the good repeatability of the proposed method considering all 

the steps involved. 

 

 

Fig. 3. Accuracy profiles for enantiomer 1 (1) and enantiomer 2 (2) of salbutamol (concentration ng/ml) 

using linear regression model. The dashed lines correspond to the β-expectation tolerance limits 

expressed in relative bias. The dotted lines represent the acceptance limits at ± 20 % and the solid line 

with the symbol (�) the relative bias (%). 
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ConclusionsConclusionsConclusionsConclusions    

    

 The on-line coupling of NACE and MS can be considered as a powerful 

technique to determine low levels of the enantiomers of a basic chiral drug in 

biological samples. Several ESI parameters, including sheath-liquid composition and 

flow rate, nebulizing gas pressure and CE counter-pressure, were optimized in order 

to maximize sensitivity and to obtain a stable ionization process.  

The quantitative performance of the developed method was evaluated. After having 

selected a linear regression model as response function on the basis of the accuracy 

profiles, the LOQ were found to be about 20 ng/ml for both enantiomers. The 

applicability of the proposed SPE-NACE-MS method for quantitative determination 

in human urine has now been demonstrated, but a full validation should still be 

undertaken before applying this procedure for routine analysis. 
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Fig. 4. Typical electropherogram of salbutamol enantiomers at a concentration close to LOQ obtained 

using SPE-NACE-ESI-MS (EIC at 240.4 m/z) using a BGE of 10 mM ammonium formate and 15 mM 

HDAS-β-CD in methanol acidified with 0.75 M formic acid. Other conditions: see Section 2. 
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SummarySummarySummarySummary    

    

The coupling of non-aqueous electrokinetic chromatography (NAEKC) using 

cationic cyclodextrins and electrospray ionization mass spectrometry (ESI-MS) is 

presented. The system allows the use of the single-isomer derivative cationic 

cyclodextrins 6-monodeoxy-6-mono(2-hydroxy)propylamino-β-cyclodextrin (IPA-β-

CD) and 6-monodeoxy-6-mono(3-hydroxy)propylamino-β-cyclodextrin (PA-β-CD). 

Using a reversed CE polarity (-30 kV), efficient separation of negatively charged 

compounds was achieved which were subsequently detected by ESI-MS in the 

negative-ion mode. PA-β-CD appeared to enhance the separation of acidic drugs in 

general, and to provide a high enantioselectivity. In order to prevent current drops 

caused by the cathodic electro-osmotic flow, a pressure of 15 mbar was applied on the 

inlet vial during NAEKC–MS analysis. The potentially adverse effect of the applied 

pressure on the separation efficiency was limited, and plate numbers of up to 190,000 

were achieved for acidic drugs. The effect of the cationic CDs on the MS signal 

intensities of model compounds was thoroughly studied. When a voltage is applied 

across the CE capillary, the overall mobility of the CDs is towards the inlet vial so that 

no CD molecules enter the ion source. The chloride counter ions of the CDs, which 

migrated towards the capillary outlet, were found to cause analyte ionization 

suppression. Nevertheless, significant analyte signals could still be detected, and limits 

of detection for acidic analytes in negative-ion-mode (full-scan mode) were typically 

below 100 ng/ml. 
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IntroductionIntroductionIntroductionIntroduction    

    

Non-aqueous electrokinetic chromatography (NAEKC) is an attractive mode 

of capillary electrophoresis (CE) exhibiting different and/or enhanced selectivities 

when compared to aqueous EKC. Furthermore, NAEKC can be highly useful for the 

analysis of compounds that are poorly soluble in water but can be dissolved in 

organic solvents [1,2]. The use of anionic cyclodextrins (CDs) in NAEKC has been 

found to enable the separation of various drugs including their enantiomers [3]. 

NAEKC with anionic CDs is limited to the analysis of basic (i.e. positively charged) 

compounds as ionogenic interactions between CD and analyte play a crucial role 

[1,3]. Recently, single-isomer cationic CDs (6-monodeoxy-6-mono(2 or 3-

hydroxy)propylamino-β-CD) [4] were introduced in NAEKC which allow chiral 

separation of acidic (i.e. negatively charged) drugs [5]. 

In order to achieve higher sensitivity and/or specificity, coupling of aqueous 

and NAEKC to electrospray ionization mass spectrometry (ESI-MS) would be highly 

desirable. However, coupling of EKC–MS systems may not be straightforward due to 

the presence of non-volatile pseudo-stationary phases (PSPs) [6-12]. The PSP is 

usually prevented from entering the ion source by applying a partial-filling approach 

in which only a part of the capillary is filled with the background electrolyte (BGE) 

containing the PSP. In another approach, reverse-migrating PSPs are used. 

Conditions are selected such that the overall mobility of the PSP is towards the 

capillary inlet. 

Recently, we have demonstrated the feasibility of NAEKC–ESI-MS using 

anionic single-isomer cyclodextrins (CDs) for the analysis of basic drugs [13,14]. The 

negatively charged CDs moved towards the anode in the inlet vial when a voltage is 

applied and, thus, did not enter the ion source. So far, the use of cationic 

cyclodextrins in EKC–MS for the analysis of acidic compounds has been quite 

limited, and only for aqueous EKC. Tanaka et al. [15] and Schulte et al. [16] used 

quaternary ammonium β-CD derivatives in combination with  neutrally coated 

capillaries and a negative voltage for the chiral analysis of negatively charged 

compounds. Successful separation and detection of relevant levels of acidic drug 

enantiomers were reported. 

In the present paper, the use of cationic CDs in NAEKC–ESI-MS for the 

analysis of acidic drugs is studied. Reversed polarity is used to allow migration of the 

anionic analytes towards the capillary outlet, while preventing the cationic CDs from 

entering the ion-source. The overall effect of the cationic CDs and their counter-ions 

on the ESI-MS signal intensity of test compounds is evaluated. The feasibility and 

usefulness of cationic CD-based NAEKC–ESI-MS is demonstrated by the separation 
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of a mixture of achiral drugs, and by the enantioselective analysis of ibuprofen and 

several of its analogues.  

    

Experimental Experimental Experimental Experimental     

 
Chemicals and materials 

Ammonium acetate, was purchased from Merck (Darmstadt, Germany). 

Formic acid 98-100% was purchased from Sigma-Aldrich (Zwijndrecht, the 

Netherlands). All reagents were of analytical grade. The single-isomer cationic 6-

monodeoxy-6-mono(2-hydroxy)propylamino-β-cyclodextrin (IPA-β-CD) and 6-

monodeoxy-6-mono(3-hydroxy)propylamino-β-cyclodextrin (PA-β-CD) were kindly 

donated by Cyclolab Ltd. (Budapest, Hungary). Methanol and acetonitrile (both HPLC 

grade) were from Biosolve (Valkenswaard, the Netherlands). Fused-silica capillaries 

were from Polymicro Technologies (Phoenix, AZ, USA).  

For the infusion experiments, 10-μg/ml ketoprofen or diclofenac solutions 

were prepared in 20 mM ammonium acetate in methanol containing 0-20 mM PA-β-

CD. Test mixtures of acidic drugs (benzoic acid, acetyl salicylic acid, caffeic acid, 

veratric acid, diclofenac, and ibuprofen, fenoprofen, flurbiprofen, ketoprofen, 

indoprofen) were prepared in methanol at a concentration of 20 μg/ml of each 

compound, unless stated differently. The composition of the sheath liquid was 5 mM 

ammonium acetate in acetonitrile-water (75:25, v/v), unless stated differently. 

    
CE–MS system  
 CE–ESI-MS experiments were performed using a PrinCE CE system (Prince 

Technologies, Emmen, The Netherlands) equipped with an Agilent 1100 Series 

LC/MSD SL ion-trap mass spectrometer from Agilent Technologies. A fused-silica 

capillary of 80 cm length and an internal diameter of 50 µm was used. A new capillary 

was conditioned with methanol during 15 minutes. At the beginning of each working 

day, the capillary was rinsed with methanol for 10 min (1000 mbar) and with the BGE 

for 10 min (1000 mbar). Polyacrylamide (PAA) and polyvinylamide (PVA) coated 

neutral capillaries of 60 cm length and 50 µm I.D. were obtained from Beckman 

Coulter (Mijdrecht, The Netherlands) and Agilent Technologies, respectively and 

used as supplied.  Before each injection, capillaries were rinsed with fresh BGE for 3 

min. Samples were injected by applying a pressure of 50 mbar for 6 s, and separations 

were carried out by applying -30 kV. During infusion experiments, BGE containing 

the test compound was led into the ion source through the CE capillary by applying a 

pressure of 60 mbar. Alternatively, a voltage of -30 kV was applied while applying a 
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pressure of 15 mbar to mimic the conditions during CE–MS analysis. Subsequently, 

the signals were monitored in their respective extracted-ion-trace (XIC). 

NAEKC was coupled to MS using a coaxial CE–MS sprayer (Agilent 

Technologies, Waldbronn, Germany) which provides both a coaxial sheath liquid 

make-up flow and a nebulizer gas to assist droplet formation. The flow-rate of the 

sheath liquid was 5 µl/min, the nebulizing gas pressure was 10 p.s.i., and the drying 

gas flow rate was 2 l/min at a temperature of 150 °C, unless stated differently. Drying 

and nebulization gases were  nitrogen. During rinsing of the CE capillary with BGE 

and during sample injection, the nebulizer gas flow and the electrospray voltage (-5.0 

kV) were switched off. MS detection was carried out in the full-scan mode in the 50-

500 m/z range. The ion-charge-control (ICC) mode of the MS was used to prevent 

overloading of the trap.  

  

 

ResultsResultsResultsResults and discussion and discussion and discussion and discussion    

    

System set-up 
In NAEKC systems using cationic CDs, a reversed CE polarity is applied in 

order to ensure the migration of acidic analytes towards the capillary outlet. At the 

same time, the effective mobility of the cationic CDs is towards the capillary inlet. The 

direction of the electro-osmotic flow (EOF) is towards the cathode and, thus, also 

towards the inlet. As a consequence, when the cationic CD-NAEKC system is coupled 

to MS, the CE current is very unstable and even breaks down, most probably because 

air is introduced into the capillary through the outlet during the CE run occurs. In 

aqueous EKC–MS systems using cationic CDs [15,16], neutrally coated capillaries were 

used in order to minimize or eliminate the EOF, and thus, prevent current 

breakdowns. We tested the feasibility of PVA and PAA coated capillaries to eliminate 

EOF in NAEKC. Unfortunately, these coated capillaries appeared to be affected by the 

methanolic BGE. After a few analyses, we could observe a significant EOF, which 

indicates that the coating has degraded. As a result, still current drops were observed 

when carrying out NAEKC–MS experiments with these capillaries. 

In order to avoid the current break down problems, we used bare fused-silica 

capillaries in combination with a pressure on the inlet vial during EKC–MS analysis, 

thereby performing pressure-assisted EKC–MS. With a CE voltage of -30 kV, a 

minimum pressure of +15 mbar on the inlet vial was found to be required in order to 

maintain a stable CE current. At pressures lower than 15 mbar, still current break 

downs were observed. The use of pressures higher than 15 mbar is not desirable as 
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these will cause a significant hydrodynamic flow and, thus, bandbroadening and loss 

of CE resolution. 

The optimum composition of the sheath liquid was determined by pressure-

induced infusion of test solutions of acidic drugs. Methanol-water and acetonitrile-

water mixtures were tested containing ammonium hydroxide, ammonium formate, 

ammonium acetate or formic acid. Using ESI in negative-ion-mode, the optimum 

composition for most of the test compounds was 5 mM ammonium acetate in 

acetonitrile-water (75:25, v/v). The sheath liquid flow rate was optimized in the range 

from 2-10 µl/min. High flow rates resulted in reduced analyte signals, whereas 

unstable signals, but somewhat more intense analyte signals were observed at lower 

flow rates. As a compromise between system sensitivity and stability (spray and 

signal), a sheath liquid flow rate of 5 µl/min was selected. A nebulizing gas pressure of 

2 p.s.i. was found sufficient for efficient and stable nebulization of the CE effluent and 

sheath liquid. 

We also briefly studied the possibility of using positive-ion-mode (PIM). For 

compounds with sufficient proton affinity, more favourable detection limits might be 

obtained. From our test compounds, only diclofenac showed strong signals in PIM 

when a sheath liquid containing ammonium acetate was used. Nevertheless, although 

the absolute analyte signals were somewhat higher than when using NIM, better S/N 

ratios were obtained using NIM. For more favourable analyte ionization in PIM, 

usually an acid like formic acid or acetic acid is added to the sheath liquid. However, 

in our system set-up this is not feasible, because the acid will migrate into the 

capillary and the analytes will be protonated. As a consequence, the analytes will no 

longer migrate towards the ion source, and thus, will not be detected.  

    

Effect of CDs on analyte signal 
The effect of the single-isomeric PA-β-CD) on the ionization efficiency of the 

test compounds ketoprofen and diclofenac was studied by pressure-induced infusion 

(60 mbar). The PA-β-CD was added in various concentrations (0-20 mM) to a BGE of 

20 mM ammonium acetate in methanol. A strong decrease of the analyte signal was 

observed when the CDs were infused by pressure (60 mbar), even at relatively low CD 

concentrations (Fig. 1A, lower trace). The ketoprofen signal showed a steep decline 

when 1-3 mM CDs were added to the BGE. Increase of the CD concentration to 20 

mM provided additional gradual decrease to approximately 10% of the initial signal 

obtained when using no CDs. Apparently, the CD (and its counter ions) interfere with 

the analyte ionization. Furthermore, the noise levels in the mass spectra significantly 

increased when the CDs entered the ion source. In negative-ion-mode, no signals 

originating from the cationic CD could be detected, however, in positive-ion-mode 
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the CD could be detected as its molecular ion (m/z 1192) when the MS settings were 

optimized for transfer of high-m/z ions.  
Infusion experiments were also performed applying both a pressure (15 mbar) 

and a voltage (-30 kV) across the capillary, i.e., applying actual NAEKC–MS 

conditions. The ketoprofen signal is strongly reduced at low concentrations of CD, but 

with a further increase of the CD concentration, a gradual slow further decrease is 

obtained down to approximately 25% of the signal obtained without CD when using 

20 mM PA-β-CD (Fig. 1A, upper trace). The voltage applied during voltage-induced 

infusion experiments will induce an EOF and an electrophoretic mobility of the 

analyte and the cationic CD. The overall solvent flow towards the ion source will be 

marginal since a small pressure is applied to compensate for the EOF towards the 

capillary inlet. The CD signal observed in the positive-ion-mode during pressure-

induced infusion is not observed during pressure-induced infusion. This indicates that 

the overall mobility of the cationic CD is now towards the capillary inlet and, 

therefore, the CDs will not enter the ion source. Still, there is a clear decrease of the 

analyte signals, which might be caused by the counter ions of the cationic CD, which 

are provided as chloride salts. 
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Fig. 1. Influence of the concentration of (A) PA-β-CD and (B) ammonium chloride and ammonium 

carbonate concentration on the relative MS signal of 10 μg/ml ketoprofen (monitored at m/z 253) 

dissolved in 20 mM ammonium formate. (A) lower trace, analyte signal observed using pressure-induced 

infusion (+50 mbar); upper trace, analyte signal observed using voltage-induced infusion (-30 kV; +15 

mbar). (B) lower trace, analyte signal observed during voltage-induced infusion of ammonium chloride; 

upper trace, analyte signal observed during infusion using ammonium carbonate. 
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To determine the effect of chloride ions on the analyte ionization, voltage-

induced infusion experiments were performed with BGEs containing ketoprofen (10 

µg/ml) and ammonium chloride in various concentrations (0-20 mM). When the 

observed ketoprofen signal was plotted as function of the chloride ion concentration, 

the resulting curve (Fig. 1B, lower trace) was very similar to the curve obtained using 

the cationic CD (Fig. 1A, upper trace). The analyte signal using 20 mM of ammonium 

chloride is about 30% of the signal obtained without CDs. A strong similarity of both 

curves for similar concentrations of ammonium chloride and PA-β-CD (Fig. 1). 

Therefore, equimolar amounts of ammonium chloride and PA-β-CD cause 

approximately the same degree of ionization suppression, assuming that no CDs enter 

the ion source. From this, and the fact that in principle only one chloride ion is 

available per CD, it can be concluded that a rather high degree of dissociation of the 

CD and the chloride counter ions is obtained using these NAEKC conditions. 

To determine whether the decrease of the analyte signal are actually caused by 

the presence of chloride ions, similar infusion experiments were also performed using 

0-20 mM ammonium carbonate. No significant effect of the ammonium carbonate on 

the analyte ionization efficiency was observed (Fig. 1B, upper trace) from which it can 

be concluded that, indeed, the chloride ions are the primary cause for the observed 

decrease in analyte signal. Furthermore, this indicates that the use of cationic CDs 

with volatile carbonate counter ions could further increase the MS compatibility of 

such NAEKC systems, which might be a trigger for the development and synthesis of 

such CDs.  

 

CD-NAEKC–ESI-MS 
The infusion experiments described above indicate that significant analyte 

signals can be detected using cationic CDs in NAEKC–ESI-MS. The feasibility of the 

system was further tested by the analysis of drug mixtures. The first test mixture 

contained benzoic acid, acetylsalicylic acid, caffeic acid, veratric acid, and diclofenac 

(20 µg/ml each). All compounds were detected as their respective deprotonated ions 

[M-H]-, except for acetylsalicylic acid which showed in-source fragmentation (loss of 

acetyl group). Different BGEs were tested: 5 mM IPA-β-CD, and 10 or 20 mM PA-β-

CD in 20 or 40 mM ammonium acetate. The choice for these methods was primarily 

based on the previous work of Fillet et al. [4] who developed these systems as generic 

starting conditions for various groups of profens with a good compromise between 

enantiomeric resolution and analysis time. When no CDs were added to the BGEs, 

hardly or no resolution was obtained for the acids. All compounds migrated within a 

timeframe of 2 min. When cationic CDs were added to the BGEs, significantly 

enhanced separations were observed. Optimum resolution was obtained using a BGE 
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of 20 mM PA-β-CD in 20 mM ammonium acetate (Fig. 2). The test drugs were 

retained by the CD, indicating significant interaction. Plate numbers up to 190,000, 

and good symmetry factors (≤ 1.1) were obtained, except for benzoic acid which 

suffered from electro-dispersion. The band broadening by the applied pressure on the 

CE separation efficiency apparently is rather limited. The extracted-ion-trace of 

caffeic acid (m/z 179) shows two peaks. Further analysis of both peaks by MS/MS 

provided virtually identical product spectra. Most probably these peaks can be 

assigned as being the cis- and trans-isomers of caffeic acid. The in vitro isomerization 

of caffeic acid was already reported in 1966 [17] and also during this study, it was 

noted that already within a few days after preparation of the solutions, almost similar 

peak areas for both isomers were obtained, while initially the first peak could not be 

detected.  

 

During analysis using CDs, stable mass spectra were obtained and noise levels 

in mass spectra and extracted-ion-traces were similar to the noise levels obtained 

when no CDs were used. Apparently, the counter-ions hardly or not affect the spray 

and ionization stability. 
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Fig. 2. NAEKC–ESI-MS of a test mixture of acidic compounds (20 μg/ml each). BGE: 20 mM 

ammonium formate with 20 mM PA-β-CD. The analyte signals were monitored in the respective 

extracted-ion-traces (XIC). Compounds: benzoic acid, m/z 121; acetylsalicylic acid detected as salicylic 

acid, m/z 137; caffeic acid, m/z 179; veratric acid, m/z 181; and diclofenac, m/z 294. 
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The second test mixture contained five related chiral drugs: ibuprofen, 

fenoprofen, flurbiprofen, ketoprofen, and indoprofen (20 µg/ml each). Using a BGE of 

20 mM PA-β-CD in 20 mM ammonium acetate, a full separation of the mixture 

constituents was obtained. Moreover, for all drugs enantio-separation was observed 

with resolutions varying from 0.90 for ketoprofen up to 2.2 for ibuprofen. The plate 

numbers using 20 mM PA-β-CD were quite satisfactory for chiral EKC–MS and 

ranged from 65,000 (indoprofen) up to 105,000 (fenoprofen). For ibuprofen and 

flurbiprofen, better resolution was obtained using 10 mM PA-β-CD. Compared to 

similar NAEKC–UV systems, a decrease in resolution is observed [5]. Probably, this is 

caused by the contribution of the applied pressure on the CE inlet vial during analysis. 

Although the effect on the peak efficiency is limited, the applied pressure speeds up 

the analysis and a somewhat compromised resolution is obtained. 

In full-scan mode (scan range, 50-500 m/z), using 20 mM PA-β-CD, the LODs are 

approximately 250-400 ng/ml for diclofenac and ibuprofen, respectively. When 5 mM 

IPA-β-CD in 40 mM ammonium acetate was used (Fig. 4 A and B, respectively), LODs 

between 50 and 80 ng/ml were obtained for diclofenac and ibuprofen (for each 
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Fig. 3. NAEKC–ESI-MS of a test mixture of acidic drugs (20 μg/ml each). BGE: 20 mM ammonium 

formate with 20 mM PA-β-CD. The analyte signals were monitored in the respective extracted-ion-

traces (XIC). Compounds: ibuprofen, m/z 205; fenoprofen, m/z 241; flurbiprofen, m/z 243; ketoprofen, 
m/z 253; and indoprofen, m/z 280. 
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enantiomer), respectively. The increase of the LOD when 20 mM CD is used is partly 

caused by an increase of the peak width with a factor two to three and, thus, a 

decrease in peak height. Therefore, in analogy to Fig. 1, the contribution of the 

increased CD concentration on the analyte ionization efficiency remains limited. This 

nicely illustrates the compatibility of this NAEKC–MS system considering the adverse 

effect of the chloride counter-ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ConclusionsConclusionsConclusionsConclusions    

The coupling of NAEKC using cationic single-isomer CDs and ESI-MS was 

accomplished. Acidic drugs could be analyzed by using negative separation voltage. 

The cationic CDs were found to suppress analyte ionization, however, when a 

negative voltage was applied, the effective mobility of the cationic CDs was towards 

the capillary inlet and, thus, signal suppression by the CDs could be circumvented. 

However, the chloride counter ions of the cationic CDs had an adverse effect on the 

analyte ionization efficiency. It is shown that these effects can most probably be 

circumvented by using carbonate as counter-ions. The development of charged CDs 

with volatile counter ions could provide NAEKC systems which are fully compatible 

with ESI-MS. 

The feasibility of the cationic CD-NAEKC–ESI-MS was demonstrated by the 

analysis of mixtures of acidic drugs. Strong enhancement by the cationic CDs of both 

achiral and chiral separation was found. In full-scan mode (50-500 m/z), LODs were 
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Fig. 4. NAEKC–ESI-MS of (A) diclofenac (1 μg/ml) and (B) ibuprofen (2.5 µg/ml). BGE: 40 mM 

ammonium formate with 5 mM IPA-β-CD. Ionization polarity: A and B; negative-ion-mode (NIM), The 

analyte signals were recorded in full-scan mode and monitored in the respective extracted-ion-traces 

(XIC). 
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in the range from 50-400 ng/ml when analytes were detected in the negative-ion-

mode. This is considerably lower than LODs using UV detection indicating that 

NAEKC–ESI-MS using cationic CDs can significantly expand the potential of analysis 

of acidic compounds and impurities using these EKC–MS systems due to better LODs 

and additional selectivity. 
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In this thesis the potential of electrokinetic chromatography (EKC) – mass 

spectrometry (MS) has been evaluated, including its applicability to the impurity 

profiling of drugs. Over the past years, capillary zone electrophoresis (CZE) and EKC 

have gained acceptance as separation techniques next to liquid chromatography (LC) 

in pharmaceutical analysis, in particular for chiral analysis and the impurity profiling 

of drug substances and products. The unique separation principles of CZE and EKC 

provide different or ‘orthogonal’ selectivities when compared to LC which ensures an 

important position of CE-based techniques in the field of separation technologies. 

This thesis demonstrates that direct coupling of EKC to MS is feasible without 

seriously adapting the separation system. Identification or confirmation of separated 

compounds by MS is achieved, and with respect to UV detection low detection limits 

for pharmaceutical compounds have been obtained. These aspects are important for 

the future development and wider acceptance of EKC and EKC–MS as alternative 

techniques in pharmaceutical analysis. 

The surfactant sodium dodecyl sulfate (SDS), which is normally used in 

micellar electrokinetic chromatography (MEKC), is a notorious suppressor of the 

ionization efficiency. Nevertheless, coupling of MEKC to electrospray ionization mass 

spectrometry (ESI-MS) appears to be possible despite SDS entering the ion source. 

Although severe analyte ionization suppression by the SDS is observed, and the 

spectra are dominated by SDS-related clusters, significant analyte signals of preformed 

analyte ions allow detection of impurities at the 0.1% level, which is an important 

concentration according to regulatory limits and ICH guidelines.  

Drawbacks of ESI-MS can be circumvented using atmospheric pressure 

photoionization (APPI), which was found to show high potential for implementation 

in EKC–MS. Both basic and neutral compounds can be analyzed with APPI, which 

obviously is an important advantage for impurity profiling since a wider range of 

related compounds can be analyzed in one run. Analyte ionization could be enhanced 

by dopants. For polar basic drugs, acetone was found to be favorable, and for neutral 

compounds with reduced proton affinity, increased ionization efficiency could be 

obtained using toluene as a dopant. Due to the gas phase ionization process, no 

adverse effects of the non-volatile buffer salts and SDS on the analyte ionization 

efficiency are observed. Nevertheless, the limits of detection (LODs) obtained using 

MEKC–APPI-MS (≤ 1 µg/ml) are similar to LODs obtained with MEKC–ESI-MS as a 

result of the relatively low intrinsic ionization efficiency of APPI. 

Non-aqueous (NA) EKC is an attractive solution for impurity profiling when 

the solubility of the main compound or (some of) the impurities is limited. Addition 

of anionic or cationic cyclodextrins (CDs) to the background electrolyte (BGE) can 

strongly enhance the separation of drug mixtures of basic and acidic drugs, 
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respectively, providing good opportunities for the impurity profiling of drugs. Also 

chiral drugs can be analyzed using NAEKC–MS with CDs as was demonstrated by 

enantioselective separation of drug substances and the analysis of salbutamol in urine. 

The charged CDs used in these studies are provided as single-isomeric molecules, 

which can be produced with a high batch-to-batch reproducibility which obviously is 

an advantage in order to achieve a constant analytical performance. Since the electro-

osmotic flow (EOF) in NAEKC systems is low, the apparent mobility of the charged 

CDs is towards the CE inlet vial and no CDs enter the ion source during analysis. 

However, anionic and cationic CDs are provided as sodium and chloride salts, 

respectively, which migrate into the ion source and affect the analyte ionization 

efficiency. Nevertheless, the decrease of the ionization efficiency is rather limited and 

no increase of noise levels is observed.  

The studies in this thesis show that when ESI is used, the ionization 

suppression by non-volatile salts and pseudo-stationary phases (PSPs) can be 

significant, but often not as serious as one would expect from LC–MS studies. The 

reason that EKC–MS systems still function relatively well in the presence of high 

concentrations of BGEs and PSPs, most likely is the relatively small volumetric flow 

from the CE capillary entering the ion source. Assessment of the effect of BGE 

constituents on the analyte ionization is often done using pressure-induced infusion 

experiments. However, the composition of the BGE constituents entering the ion 

source does not reflect the actual composition during EKC–MS experiments and, thus, 

no reliable representation of BGE influence on the analyte ionization efficiency is 

obtained. Also voltage-induced infusion introducing the analyte via the CE capillary 

does not accurately reflect the situation during EKC–MS, since the analyte flux into 

the ion source (and thus, analyte signal) is affected by electrophoretic mobility, 

interactions with the PSPs, and EOF. In this thesis, an infusion method is proposed 

which takes voltage and mobility effects on the analyte signal into account. 

Application of this method enables appropriate comparison of the analyte ionization 

efficiencies obtained using volatile and non-volatile BGEs and PSPs in CZE–MS and 

EKC–MS. 

 
Practical aspects 

In order to prevent excessive fouling of the ion source and mass analyzer by 

the BGE constituents and the PSPs, switching off the nebulizing gas and electrospray 

ionization voltage during rinsing of the CE capillary is an effective way to ensure 

stable EKC–MS performance without deteriorating the MS performance. In the MS 

systems implementing an orthogonal spray, once-a-day cleaning of the ion source is 

sufficient for maintaining good system performance. Moreover, the long-term 
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stability of the developed EKC–MS systems was excellent, irrespective whether SDS 

or CDs were used. The contamination of the ion trap and mass analyzer is not serious, 

even after several years of using the mass spectrometer for EKC–MS experiments.  

Dead volumes in sheath liquid interfaces are often mentioned as reason for 

peak broadening and changes in separations observed in CE–MS compared to CE–UV. 

However, the current CE–MS interfaces do not significantly contribute to peak 

broadening, and plate numbers similar to obtained using UV can be obtained. Band 

broadening may be due to other aspects such as the composition of the sheath liquid 

and pressure differences over the CE capillary. The sheath liquid most often is a 

mixture of an organic solvent and water to which a volatile acid or ammonium salt is 

added in order to enhance the analyte ionization. The migration of ions from the 

sheath liquid into the separation capillary can induce zones with a different 

composition than the BGE which may affect the band widths and selectivity. 

In CZE–MS and EKC–MS pressure differences over the separation capillary 

can occur due to the nebulizing gas used in the CE–MS sprayer. Shorter analysis times 

together with significantly broadened peaks and decreased resolution often are 

observed when moderate and high nebulizing gas pressures are applied. During CZE–

ESI-MS and MEKC–ESI-MS experiments, a relatively moderate nebulizing gas 

pressure is applied to facilitate mixing of the BGE (containing the analyte) and sheath 

liquid, and to nebulize the resulting liquid flow. In MEKC–APPI-MS, higher 

nebulizing gas pressures are applied in order to facilitate an effective transfer of all 

BGE constituents into the gas phase. As a result, the CZE and MEKC separations can 

be seriously compromised. The nebulizing gas pressure causes a hydrodynamic flow in 

the CE capillary. Consequently, the flat flow profile typical for CE is lost, and a 

laminar flow profile is obtained causing band broadening. This adverse effect can be 

minimized by applying a reduced pressure on the inlet vial to compensate for the 

suction effect caused by the nebulizing gas. Compensating for the suction effect 

becomes much more critical when a high nebulizing gas pressure is used. The 

hydrodynamic flow will be larger and also the corresponding adverse effects on the 

separation will be more pronounced.  

In NAEKC–ESI-MS systems using charged CDs, in general low nebulizing gas 

pressures are used due to the high volatility of the BGE and absence of CDs in the ion 

source. Therefore, the hydrodynamic flow is small and no compensation for the 

hydrodynamic flow is required. In the NAEKC–ESI-MS system using cationic CDs, 

the EOF was towards the capillary inlet as a result of the reversed polarity. In this 

case, the application of a small pressure on the inlet vial is required to force a liquid 

flow towards the capillary outlet and, thus, maintain the CE-current and allow 
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effective EKC–ESI-MS. Such an extra pressure inevitably causes some band 

broadening and reduction of the resolution, and therefore should be minimal. 

 

Applicability 
The application of EKC–MS techniques can be of value in pharmaceutical 

analysis, in particular for impurity profiling. The primary interest in EKC lies in the 

selectivity and separation efficiency as compared to LC. At this point it is interesting 

to evaluate the suitability of the developed EKC–MS systems for the analysis of basic, 

acidic and neutral drugs. Basic compounds in principle can be analyzed with SDS-

based MEKC–MS and NAEKC–MS using anionic CDs. Generally, the selectivity for 

these compounds is good, and in the case of a CD-based NAEKC system, enantio-

selectivity can be obtained. Both ESI and APPI allow efficient positive ionization of 

basic drugs. Separation of acidic compounds using SDS/MEKC can be achieved, 

however, when applying ESI, the analyte ionization and detection in negative ion 

mode can be seriously disturbed by the anionic surfactant migrating into the ion 

source. NAEKC–MS using cationic CDs is more suitable for the analysis of acidic 

pharmaceuticals, including their enantiomers. NAEKC using charged CDs appeared to 

be less appropriate for the analysis of neutral compounds as these are not well 

separated. Most probably, the selectivity of the charged CDs involves electrostatic 

interactions which are not present with neutral analytes. In contrast, MEKC allows 

separation of neutral analytes. In principle, neutral compounds can be detected with 

ESI-MS as long as they show sufficient proton affinity. On the other hand, 

compounds with low proton affinity may be well ionized by APPI, also in presence of 

PSPs. In other words, MEKC–APPI-MS provides a highly suitable system for neutral 

analytes. 

The actual applicability of the developed EKC–MS systems was studied by the 

analysis of several relevant drug samples. The drug substance of galantamine 

containing various basic impurities was analyzed using MEKC–ESI-MS. All impurities 

could be separated by MEKC and were detected by ESI-MS. Furthermore, useful 

MS/MS spectra were obtained allowing confirmation and identification of the 

molecular structure of the impurities. Analysis of a degraded ipratropium formulation 

by MEKC–ESI-MS revealed two degradation products. Interestingly, one of these 

impurities was not detected by MEKC–UV because its structure lacks a chromophore. 

The usefulness of MEKC–APPI-MS was indicated by a mebeverine sample containing 

both basic and neutral impurities. MEKC–APPI-MS showed to be the more general 

purpose analytical technique, as both types of compounds could be separated and 

detected in one run. NAEKC–ESI-MS using anionic CDs showed to be quite useful for 

the analysis of the drug substance amiodarone. More than ten basic impurities were 
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revealed and identified at estimated impurity levels of below the 0.01% level (m/m). 

Compared to NAEKC–UV, a significant gain in selectivity and sensitivity was 

obtained. 

When compounds are detected in positive-ion mode using a broad scan range 

(150-700 m/z), LODs obtained using EKC–MS are typically 0.5-1.0 µg/ml for MEKC–

ESI-MS and 0.8-1.0 µg/ml for MEKC–APPI-MS. Furthermore, for NAEKC–ESI-MS 

using anionic CDs, LODS of 0.1-0.8 µg/ml are obtained. For NAEKC–ESI-MS using 

cationic CDs, LODs of 60-150 ng/ml are obtained for compounds detected in the 

negative-ion mode. The relatively low LODs are mainly due to the low noise levels 

obtained in the negative ion-mode. The LODs achieved with the EKC-MS systems are 

typically a factor 5-10 higher than the LODs obtained using CZE–ESI-MS with 

volatile BGEs, but in general still allow detection of drug impurities below the critical 

level of 0.1% (m/m). Improved LODs can be obtained when the scan range is strongly 

reduced, as is illustrated by the CD-EKC-MS analysis of salbutamol enantiomers 

which could be detected down to ca. 10 ng/ml. However, limitation of the scan range 

can only be used in target analysis, and not when unknown compounds have to be 

detected. An interesting relation between the nebulizing gas pressure and the LOD is 

observed. Using MEKC–ESI-MS, a medium nebulizing gas pressure is applied and a 

decrease of the analyte signals is observed when a higher nebulizing gas pressure is 

used. In NAEKC–ESI-MS, low nebulizing gas pressures are sufficient for stable system 

performance and enhanced analyte signals are observed compared to signals obtained 

using medium or high nebulizing gas pressures. Due to the low nebulizing gas 

pressure, the sampling of analyte ions is more efficient because of the prolonged time 

the analyte ions are affected by the ESI voltage resulting in better LODs. 

Not so long ago, the direct coupling of EKC and MS was regarded as being not 

feasible. As shown in this thesis, developments in interfacing and ionization 

techniques offer good perspectives for improvements in EKC–MS. Based on this work, 

it can be stated that EKC and MS are not so incompatible after all. 

 

Perspectives 
Further developments in EKC–MS could focus on various aspects. First, the 

compatibility of PSPs with ESI-MS could be improved by synthesis of charged PSPs 

with volatile counter ions. Use of ammonium- or carbonate-based PSPs will 

circumvent the adverse effects of non-volatile counter ions on the analyte ionization 

efficiency, and reduce the presence of clusters in background mass spectra. The 

possibility of using more volatile fluorinated surfactants for MEKC–ESI-MS has 

already been indicated in literature. The question remains, however, whether high 

separation performances can be achieved with volatile surfactants. Various novel 
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polymeric PSPs have recently been developed and sometimes excellent resolution 

between different enantiomers and structure analogues has been reported. The 

compatibility of such polymeric phases with ESI-MS and other ionization modes 

should be further evaluated.  

Another way to enhance the compatibility of conventional PSPs with MS is 

by implementing alternative ionization modes like e.g. APPI, as is demonstrated in 

this thesis. APPI is not susceptible to ionization suppression by SDS, and also the 

compatibility with other PSPs, like cationic surfactants and CDs, should be evaluated. 

In order to improve the intrinsically low ionization efficiency using APPI, the design 

of an APPI-source dedicated for application in CE/EKC–MS should be considered. 

Furthermore, in order to obtain enhanced ionization yields the effect of the power of 

the applied excitation source (a krypton discharge lamp) should be studied. Also use of 

alternative gas-discharge lamps (like e.g. argon and xenon) providing a different 

wavelength and energy should be investigated. Alternative ionization modes like e.g. 

atmospheric pressure chemical ionization (APCI) and atmospheric pressure laser 

ionization (APLI), and their potential in EKC–MS could be evaluated. Also, off-line 

EKC–MS by spotting of CE effluent and ionization by matrix-assisted laser desorption 

ionization (MALDI) can be an interesting option because of the tolerance of MALDI 

to non-volatile salts. 
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Geavanceerde scheidingstechnieken zijn niet meer weg te denken uit de hedendaagse 

analytische chemie en spelen een centrale rol in de farmaceutische analyse. 

Vloeistofchromatografie (LC) in combinatie met UV-absorptiedetectie en/of 

massaspectrometrie (MS) kan tegenwoordig worden beschouwd als het analytische 

werkpaard van de farmaceutische industrie. LC heeft bewezen een betrouwbare en 

adequate techniek te zijn voor veel analytische problemen. Echter door strengere 

eisen van geneesmiddelregistratie autoriteiten en vanwege de toenemende 

complexiteit van farmaceutische producten, is er een constante behoefte aan 

alternatieven voor LC die een andere en/of betere resolutie en piekcapaciteit hebben. 

Dit is met name het geval voor de impurity profiling van geneesmiddelen, waarin 
wordt gestreefd naar de scheiding en detectie van alle verontreinigingen die in een 

farmaceutisch monster aanwezig zijn. Impurity profiling van geneesmiddelen 
vertegenwoordigt een aanzienlijke analytische uitdaging: relatief kleine hoeveelheden 

verontreinigingen, welke deels onbekend zijn en vaak een structuur hebben die nauw 

verwant is aan het farmacon, moeten worden gedetecteerd, geïdentificeerd en 

gekwantificeerd in een grote overmaat van het farmacon.  

Gedurende de afgelopen twintig jaar heeft capillaire elektroforese (CE) zich 

ontwikkeld tot een krachtige scheidingstechniek naast LC. CE combineert een unieke 

selectiviteit met een hoge scheidingsefficiëntie en een brede toepasbaarheid. In de 

meest basale vorm is de scheiding gebaseerd op verschillen in elektroforetische 

mobiliteit van moleculen wat impliceert dat alleen geladen stoffen kunnen worden 

geanalyseerd. Dit is vanzelfsprekend een nadeel wanneer de analyse van alle 

bestanddelen van een monster wordt nagestreefd. Betere mogelijkheden worden 

verkregen met elektrokinetische chromatografie (EKC) dat principes van 

elektroforese en chromatografie combineert. De scheiding is gebaseerd op een 

combinatie van de verdeling van de te scheiden stoffen tussen de runbuffer en een 

pseudo-stationaire fase (PSP), en de elektroforetische mobiliteit van de verbindingen. 

Op deze wijze kunnen zowel geladen als neutrale verbindingen worden geanalyseerd 

in één enkele analyse. Een PSP wordt toegevoegd aan de CE buffer en kan eenvoudig 

worden vervangen, waardoor een grote mate van flexibiliteit ontstaat. 

De meest gebruikte vorm van EKC is micellaire elektrokinetische chromatografie 

(MEKC) waarin oppervlakte-actieve stoffen als natriumdodecylsulfaat (SDS) worden 

toegepast. In de wetenschappelijke literatuur is een groot aantal artikelen beschreven 

die handelen over op SDS gebaseerde MEKC methodes voor farmaceutische analyse 

inclusief de impurity profiling van een breed scala aan geneesmiddelen. 
Cyclodextrines (CDs) zijn een andere klasse van PSPs die ook veelvuldig worden 

toegepast in EKC. CDs zijn zeer geschikt voor de effectieve scheiding van de optische 

isomeren (enantiomeren) van geneesmiddelen. CD-EKC wordt veelvuldig toegepast 
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voor het testen van de enantio-zuiverheid van geneesmiddelen vanwege de hoge 

resolutie, de korte analysetijden en de snelheid van optimaliseren van scheidingen. 

Detectie in CE en EKC systemen wordt gewoonlijk uitgevoerd met UV-absorptie 

spectrometrie. Massaspectrometrie (MS) is echter geleidelijk een onmisbare techniek 

geworden voor o.a. impurity profiling vanwege de mogelijkheid tot het karakteriseren 
van verbindingen, de opheldering van de structuur van onbekende verontreinigingen 

en de hoge gevoeligheid. Sinds 1987 zijn er verscheidene technieken ontwikkeld om 

CE en MS te koppelen waarbij gebruik gemaakt wordt van electrospray ionisatie (ESI). 
Interfaces voor CE–ESI-MS zijn inmiddels commercieel verkrijgbaar. De mogelijkheid 
om EKC met MS te koppelen is zeer gewenst en kan een belangrijke bijdrage leveren 

aan de verdere acceptatie van EKC in farmaceutische laboratoria. EKC–MS is echter 

niet eenvoudig vanwege de aanwezigheid van een niet-vluchtige PSP die de ionisatie 

van analieten kan onderdrukken, en achtergrondsignalen en vervuiling van de 

massaspectrometer kan veroorzaken. 

Tot op heden zijn er verschillende benaderingen voorgesteld om storing door de PSP 

in EKC–ESI-MS te voorkomen. De meest gebruikte is de techniek waarin slechts een 

(klein) deel van het scheidingscapillair wordt gevuld met de elektrolyt die de PSP 

bevat (de zogenoemde partial-filling methode). Hierdoor is het in principe mogelijk 
analieten te detecteren voordat de PSP de massaspectrometer binnengaat. Helaas 

nemen bij de partial-filling methode de scheidingsprestaties van het EKC systeem 
sterk af vanwege de aangepaste condities. Bovendien is een analiet-specifieke en 

intensieve optimalisering nodig voor elke scheiding. In een alternatieve benadering 

worden de experimentele condities zo gekozen dat de mobiliteit van de PSP richting 

de ingang van het scheidingscapillair is zodat de PSP niet in de ionenbron komt (de 

zogenoemde reverse-migrating PSP techniek). Ook deze methode vereist dat de 
scheidingscondities worden aangepast wat kan leiden tot een verlies van 

scheidingsresolutie. Andere ontwikkelde EKC–MS benaderingen omvatten het 

gebruik van vluchtige PSPs, en van PSPs met een hoge molecuulmassa om de 

verstoring van ionisatie en achtergrondsignalen te verminderen. Helaas is de 

selectiviteit en resolutie die met deze PSPs wordt verkregen vaak anders en/of 

slechter vergeleken met een conventionele PSP als SDS. 

 

In dit proefschrift wordt de rechtstreekse koppeling van EKC met MS, en de 

toepassing ervan in de farmaceutische analyse bestudeerd. Het belangrijkste doel was 

om effectieve koppelingsmethoden te ontwikkelen zonder de EKC condities aan te 

passen, dus zonder de scheiding te verslechteren. Verder is er naar gestreefd om 

gebruik te maken van gangbare PSPs, zoals SDS en CDs. Om dat te bereiken werden 

enkele nieuwe benaderingen onderzocht. Ten eerste is de mogelijkheid en 
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toepasbaarheid van rechtstreekse koppeling van SDS-MEKC met ESI-MS bestudeerd 

waarbij dus geen maatregelen werden getroffen om te voorkomen dat SDS in de 

ionenbron zou komen. Ten tweede is de mogelijkheid onderzocht om de storing die 

de PSP in ESI-MS veroorzaakt, te vermijden. Hiertoe is de potentie van atmosferische 

druk fotoionisatie (APPI) bestudeerd, wat betekent dat nieuwe koppelingssystemen 

moesten worden ontwikkeld. Een derde lijn van onderzoek behelst de combinatie van 

niet-waterige (NA) EKC met ESI-MS. Als PSP is hierbij gebruik gemaakt van geladen 

CDs die door keuze van de juiste experimentele condities richting de ingang van het 

capillair bewegen. Een dergelijke benadering is eerder gerapporteerd voor waterige 

EKC maar niet voor NAEKC–MS systemen. NAEKC kan een aantrekkelijke methode 

zijn, aangezien een andere selectiviteit wordt verkregen in vergelijking met waterige 

EKC. Bovendien kan de oplosbaarheid van stoffen in organische oplosmiddelen 

beduidend groter zijn dan in waterige oplosmiddelen. Dit kan erg belangrijk zijn voor 

impurity profiling waar het oplossen van hoge concentraties van het geneesmiddel of 
van bepaalde verontreinigingen in water moeilijk of onmogelijk kan zijn. 

In alle studies werd aandacht besteed aan de invloed van de PSP op de prestaties van 

het interface, de achtergrond-massaspectra, de ionisatie-efficiëntie van de analieten 
en de stabiliteit van het systeem. De gevoeligheid en detectiegrenzen van de 

verschillende systemen is uitgebreid bestudeerd. De toepasbaarheid van de 

ontwikkelde methodes is aangetoond d.m.v. de analyse van monsters met impurities 
op relevante niveaus (0.1% m/m). Bovendien is ruime aandacht geschonken aan de 

mogelijkheid tot het ophelderen of bevestigen van de identiteit van verontreinigingen 

die in lage concentraties aanwezig zijn, m.b.v. MS/MS-spectra die zijn opgenomen 

onder EKC–MS omstandigheden. 

 

In Hoofdstuk 1Hoofdstuk 1Hoofdstuk 1Hoofdstuk 1 van dit proefschrift worden de uitgangspunten en het doel van het 

uitgevoerde onderzoek beschreven. In Hoofdstuk 2Hoofdstuk 2Hoofdstuk 2Hoofdstuk 2 wordt een overzicht gegeven van 

EKC–MS systemen die worden beschreven in de literatuur. Er wordt aandacht besteed 

aan de fundamentele aspecten van het koppelen van EKC en MS, waarbij een 

onderscheid is gemaakt op grond van koppelingsprincipes. De karakteristieken van 

elk van deze systemen worden besproken en representatieve voorbeelden worden 

gegeven. 

In Hoofdstuk 3Hoofdstuk 3Hoofdstuk 3Hoofdstuk 3 worden verschillende infusiemethoden bestudeerd voor de bepaling 

van het effect van het achtergrondelektrolyt (BGE) op het analietsignaal. Infusie werd 

bewerkstelligd met druk of met spanning, en voor de CE–MS koppeling werd een 

sheath-liquid interface gebruikt. De infusiemethoden zijn geëvalueerd voor zowel 
vluchtige als niet-vluchtige BGEs met en zonder PSPs. Het blijkt dat 

spanninggedreven infusie de meest relevante informatie geeft, maar alleen wanneer 
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het effect van de elektroforetische mobiliteit op het analietsignaal in aanmerking 

wordt genomen. De voorgestelde methode maakt het mogelijk om een juiste 

vergelijking te maken van de onderdrukking van de ionisatie van analieten door BGEs 

in CE–MS. 

In Hoofdstuk 4Hoofdstuk 4Hoofdstuk 4Hoofdstuk 4 wordt de mogelijkheid van het direct koppelen van MEKC en ESI-MS 

bestudeerd zonder dat er wordt voorkomen dat micellen de ionenbron binnengaan. In 

Sectie 4.1Sectie 4.1Sectie 4.1Sectie 4.1 wordt het effect van SDS en bufferzouten op de ionisatie-efficiëntie van de 

modelverbinding mebeverine bestudeerd, en de langetermijneffecten op de MS-

prestaties worden vastgesteld. Vluchtige zouten hebben nauwelijks invloed op de 

ionisatie-efficiëntie, maar een duidelijke afname is te zien wanneer niet-vluchtige 

zouten en PSPs worden gebruikt. De uiteindelijke gevoeligheid van de MEKC–MS 

methode is geëvalueerd met de analyse van een geneesmiddelmonster dat 

verontreinigingen bevat op het 0.1% niveau. Detectie van verontreinigingen met een 

concentratie onder 1 µg/ml blijkt mogelijk, en MS/MS spectra van de 

verontreinigingen die op laag niveau aanwezig zijn, kunnen worden verkregen. In 

Sectie 4.2Sectie 4.2Sectie 4.2Sectie 4.2 is de toepasbaarheid van het MEKC–ESI-MS systeem geëvalueerd door 

verontreinigingen in de geneesmiddelen galantamine en ipratropium in kaart te 

brengen. Verontreinigingen in galantamine die zijn waargenomen met MEKC–UV, 

konden ook worden gedetecteerd met MEKC–ESI-MS/MS. Bruikbare spectra werden 

verkregen die de identificatie van verontreinigingen in galantamine mogelijk maakte. 

MEKC–ESI-MS van een ipratropium-monster dat was blootgesteld aan verhoogde 

temperaturen, onthulde een aantal degradatieproducten, en de identiteit kon worden 

vastgesteld m.b.v. verkregen MS/MS spectra. De gepresenteerde methode biedt goede 

mogelijkheden voor de detectie en structuuropheldering van verontreinigingen in 

farmaca. 

Hoofdstuk 5Hoofdstuk 5Hoofdstuk 5Hoofdstuk 5 bespreekt het opzetten, de evaluatie en de toepassing van APPI-MS 

detectie in CE en MEKC. In Sectie 5.1Sectie 5.1Sectie 5.1Sectie 5.1 wordt het ontwerp van een CE–MS systeem 

gebruikmakend van een APPI bron besproken, en de optimalisatie van verscheidene 

variabelen zoals de samenstelling van de sheath liquid en instellingen van de 
ionenbron en massaspectrometer wordt beschreven. Tevens is de potentie van het 

verbeteren van de ionisatie-efficiëntie van basische en neutrale verbindingen door 

middel van indirecte ionisatie via een dopant bestudeerd. De dopant aceton kan de 
ionisatie van polaire verbindingen effectief verhogen, terwijl met tolueen de analyse 

van weinig polaire verbindingen, die niet kunnen worden gedetecteerd met ESI-MS, 

sterk wordt verbeterd. De tolerantie van APPI-MS voor niet-vluchtige 

bufferbestanddelen als fosfaatzouten is grondig bestudeerd. Het blijkt dat in 

tegenstelling tot ESI-MS, in APPI-MS geen negatieve effecten worden waargenomen 

als gevolg van de aanwezigheid van niet-vluchtige bufferzouten. CE–APPI-MS van 
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mengsels van basische geneesmiddelen waarbij vluchtige en niet-vluchtige buffers 

zijn gebruikt, is uitgevoerd. In Sectie 5.2Sectie 5.2Sectie 5.2Sectie 5.2 is de geschiktheid van de CE–APPI-MS 

koppeling geëvalueerd voor MEKC–MS. Een grondige studie is uitgevoerd naar de 

effecten van surfactanten op de massaspectra en de ionisatie-efficiëntie van 

modelverbindingen, en de lange-termijn stabiliteit van het systeem. SDS blijkt geen 

negatieve invloed te hebben, waardoor APPI zeer geschikt lijkt voor MEKC–MS. De 

toepasbaarheid van het MEKC–APPI-MS systeem is aangetoond door de analyse van 

een monster van het geneesmiddel mebeverine met basische en neutrale 

verontreinigingen. De detectiegrens voor zowel basische als neutrale verbindingen is 

ongeveer 1 µg/ml wat vergelijkbaar is met MEKC–ESI-MS.  

In Hoofdstuk 6Hoofdstuk 6Hoofdstuk 6Hoofdstuk 6 is het gebruik geëvalueerd van anionische en kationische CDs voor de 

NAEKC–MS-analyse van basische en zure geneesmiddelen met bijzondere aandacht 

voor de (enantio)selectiviteit van de CDs. In Sectie 6.1Sectie 6.1Sectie 6.1Sectie 6.1 wordt een systeem 

gepresenteerd waarin gebruik gemaakt wordt van anionische CDs voor de analyse van 

basische verbindingen. De invloed van de gebruikte CDs op de ionisatie-efficiëntie 

van basische modelverbindingen in ESI is bestudeerd, en tevens is onderzocht wat het 

effect is van de tegenionen van de CDs op de ionisatie van de analieten en op de 

massaspectra. CDs resulteren uiteindelijk in een significante onderdrukking van de 

ionisatie, ondanks dat tijdens NAEKC–MS er geen CDs in de bron komen. De afname 

van het analietsignaal blijkt te worden veroorzaakt door de tegenionen van de CDs die 

wel in de bron komen. Niettemin, worden goede detectiegrenzen verkregen van 100-

800 ng/ml. In Sectie 6.2Sectie 6.2Sectie 6.2Sectie 6.2 worden verschillende neutrale en anionische CDs voor de 

NAEKC-scheiding van een testmengsel van geneesmiddelen vergeleken. Toevoeging 

van neutrale CDs aan het niet-waterige achtergrondelektrolyt resulteren niet in een 

significante verbetering van de scheiding. Een sterke verbetering van de scheiding 

kan worden verkregen met anionische CDs. De toepasbaarheid van het ontwikkelde 

NAEKC–ESI-MS systeem wordt aangetoond door de profilering van de impurities in 
het geneesmiddel amiodaron. De mogelijkheden en beperkingen van NAEKC–UV en 

NAEKC–MS systemen worden besproken waarbij aandacht wordt besteed aan de 

selectiviteit, detectie gevoeligheid en de identificatie van onbekende 

verontreinigingen. Met NAEKC–MS zijn meer verontreinigingen gevonden dan met 

NAEKC–UV door de betere gevoeligheid en selectiviteit. Bovendien kunnen een 

aantal verontreinigingen worden geïdentificeerd aan de hand van verkregen MS/MS-

spectra. Sectie 6.3Sectie 6.3Sectie 6.3Sectie 6.3 bespreekt de toepassing van het NAEKC–ESI-MS systeem met de 

anionische CDs voor de enantio-selectieve analyse van salbutamol in urine. Met 

NAEKC–MS is de scheiding minder goed dan met NAEKC–UV, maar de salbutamol-

enantiomeren zijn nog steeds basislijn-gescheiden. De detectiegrens verkregen met 

NAEKC–MS (ca. 15 ng/ml) is een factor 40 lager dan verkregen met NAEKC–UV. 
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Sectie 6.4Sectie 6.4Sectie 6.4Sectie 6.4 beschrijft het opzetten van een NAEKC–ESI-MS systeem met kationische 

CDs voor de analyse van zure geneesmiddelen en hun enantiomeren. Als gevolg van 

de negatieve CE-spanning ontstaat er een elektroösmotische stroom (EOF) richting de 

ingang van het capillair. Het gebruik van neutraal gecoate capillairen om de EOF te 

elimineren, en het gebruik van EKC met druk om te compenseren voor de 

kathodische EOF, zijn bestudeerd waarbij het laatstgenoemde systeem resulteert in 

een stabieler systeem. Analieten worden gedetecteerd als negatieve ionen en het 

effect van de samenstelling van de sheath liquid op de efficiëntie van de ionisatie van 
de analieten is geëvalueerd. De potentie van de ontwikkelde systemen is onderzocht 

aan de hand van testmengsels met chirale en niet-chirale verbindingen. Een sterke 

verbetering van de scheidingen t.o.v. systemen zonder CDs, en een goede 

gevoeligheid (detectiegrens 60-150 ng/ml) zijn verkregen. 

Hoofdstuk 7Hoofdstuk 7Hoofdstuk 7Hoofdstuk 7 geeft enkele algemene conclusies over de ontwikkelde EKC–MS 

systemen. Tevens worden er aanbevelingen gedaan en enkele toekomstperspectieven 

worden besproken.  
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Het schrijven van een proefschrift vereist een hele inspanning. De laatste weken 

voordat het manuscript naar de drukker gaat zijn zeer druk maar bij het doorwerken 

van het hele manuscript realiseerde ik me wel weer dat ik het gedurende de afgelopen 

jaren gelukkig niet alleen heb hoeven te klaren.  

 
Twee personen hebben een centrale rol gespeeld in mijn werkzame leven tot en met 

de promotietijd, te weten Prof. Ad de Jong en Dr. Govert Somsen. In Groningen kreeg 

ik destijds van jullie een kans om me na mijn stage en afstuderen te bewijzen op een 

project met Organon. Het was voor mij vervolgens een flinke tegenvaller dat jullie 

overgingen naar Utrecht. Dat jullie wilden dat ik mee zou gaan naar Utrecht was leuk, 

maar het was voor mij een hele stap om uiteindelijk mee te gaan naar de grote 

Randstad, weg uit het vertrouwde Drenthe. Het was heel bijzonder dat ik in 2003 van 

jullie het vertrouwen kreeg om aan dit promotietraject te beginnen. Voor het 

vertrouwen en de goede omgang gedurende al die jaren ben ik jullie heel dankbaar. 

Ad, bedankt voor alle tijd, moeite en energie die je in al die jaren aan mij hebt 

besteed. De vele discussies aan tafel over werk maar juist ook de betrokkenheid bij 

persoonlijke dingen waren goed. Verder heb je natuurlijk als promotor een grote 

invloed gehad op mijn ontwikkeling als onderzoeker. Het was vaak heel nuttig om af 

en toe een pas op de plaats te maken en rustig het project en de resultaten te bekijken. 

Verder dwong je ons regelmatig om het werk in een context te plaatsen en ook om de 

politieke kanten van het werk niet te vergeten. 

Govert, na de eerste bijzondere contacten in Groningen is het uiteindelijk toch goed 

gekomen. Ik heb ontzettend veel van jou geleerd en ik ben er van overtuigd dat het 

proefschrift zonder jou nooit zo’n grondig stuk werk zou zijn geworden. Je enorme 

inzet, ongelooflijk oog voor details, je grote en brede vakkennis hebben me vaak 

verbaasd. Er waren vaak vele versies van de manuscripten, wat wel eens tot frustraties 

zorgde, maar uiteindelijk werden de artikelen er absoluut wel veel beter van. Heel erg 

bedankt voor alles en vooral ook voor de goede contacten die er waren over andere 

zaken dan het werk. 
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Prof. Vromans for reviewing this manuscript. De Stichting Technologische 

Wetenschappen (STW) wil ik graag bedanken voor de verschillende vormen van 

ondersteuning die werden verkregen, in het bijzonder ook de verschillende 

projectleiders die in de afgelopen jaren voorbij kwamen (Dr. Arjan Vink, Dr. 

Marjolein Toebes en Dr. Gertjan Bögels). I would like to thank the members of the 

STW-users committee (Dr. Cas van den Beld, Dr. Thomas Eichinger, Dr. Ilias Jimidar, 
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Sanofi-Aventis Pharma, Janssen Pharmaceutica, Solvay Pharmaceuticals B.V., 

AstraZeneca and Organon N.V., respectively) for their valuable input, feedback and 

discussion about e.g. the relevance and the focus of the work. I am grateful that your 

companies often allowed you to participate in the meetings.  

Marcel de Boer – bedankt voor de uitstekende wijze waarop je de financiële kanten 

van dit project hebt afgehandeld (bestellingen, declaraties, reizen enz.). 

 

Prof. Crommen – I am grateful for the good co-operation which resulted in a number 

of good co-operative scientific papers. It was a good and pleasant experience to spend 

a week on your lab to learn all about the non-aqueous EKC systems. Anne-Catherine 

and Marianne, also thanks to you for the pleasant contacts. 

 

Omdat we in het begin van het Utrecht-tijdperk nog niet de beschikking hadden over 

een eigen MS, kon er gebruik gemaakt worden van een MS binnen de groep van Prof. 

Heck. Ik wil Prof. Heck bedanken voor de ruimte die we hebben gekregen. Verder 

was er de onmisbare input en kennis van Cees Versluis en Mirjam Damen. 
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Gelukkig is er ook een leven naast het werk. De jaren in Werkhoven waren mooie 

jaren waarin ik een stuk volwassener ben geworden. In het bijzonder de vele 

contacten in de hervormde gemeente van Werkhoven (en in alle kringen, commissies, 

de kerkenraad, enz.) waren heel goed en leerzaam. Het was vaak druk maar dit zorgde 

wel voor de nodige afleiding van het werk. De warmte en betrokkenheid van zoveel 

mensen deed me erg goed. Al zijn we nu weg uit Werkhoven, we zijn jullie nog niet 

vergeten en sommige banden blijven bestaan. 
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in hoe het gaat met ‘de studie’, ook al was het vaak moeilijk om in detail uit te leggen 

wat je nu werkelijk aan het bestuderen was. 
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Roelof Mol werd geboren op 3 april 1978 te Hollandscheveld. Na het behalen van het 

havo diploma aan het Menso Alting College te Hoogeveen in 1995, werd vervolgens 

begonnen met de studie Analytische Chemie aan de Hogeschool Drenthe te Emmen. 

Deze werd in 2000 afgerond met een stage- en afstudeerproject aan de 
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specifiek impurity profiling probleem opgelost moest worden met behulp van 
electroforetische technieken. In het kader van dit project deed hij tevens zijn eerste 

ervaring op met het koppelen van CE met massaspectrometrie binnen de groep van 

Dr. A.P. Bruins. In oktober 2001 volgde een aanstelling aan de Universiteit Urecht 

binnen de disciplinegroep Biomedische Analyse op een project gefinancierd door een 

groep van zes internationale farmaceutische bedrijven, waarin de potentie van het 

koppelen van electrokinetische scheidingstechnieken met massaspectrometrie voor de 

impurity profiling van geneesmiddelen een belangrijke rol had. In mei 2003 mondde 
dit uit in een aanstelling als onderzoeker-in-opleiding bij Prof. G.J. de Jong op een 

STW-project met een vergelijkbare doelstelling. Na afloop van dit promotieonderzoek 

is Roelof begonnen als Scientist bij Astellas Pharma Europe B.V. te Leiderdorp bij de 

Bioanalyse sectie van het Exploratory Development Department.  
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