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ABSTRACT
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Studies have been performed to evaluate the use of micellar electrokinetic
chromatography (MEKC), one mode of capillary electrophoresis (CE), as an
analytical technique in industrial pharmaceutical analysis. The potential for using
chemometrics for the optimisation of MEKC methods has also been studied as
well as the possibilities of coupling MEKC with mass spectrometry (MS).
Two methods were developed, one for the determination of ibuprofen and
codeine and another for pilocarpine, together with their degradation products
and impurities in both cases. MEKC was found to be the most suitable mode of
CE for the methods. Both methods were optimised by means of experimental
design. Valuable information was gathered and optimum conditions were
defined which resulted in fast systems with baseline-separated peaks. The
ibuprofen-codeine method was validated according to the recommended
validation procedures of the International Conference of Harmonisation. The
validation was performed on a commercially available tablet formulation to verify
the suitability of the method, i.e. for quantification of the two main compounds
and to determine the degradation products and impurities in area% of each main
peak. The following parameters were determined: selectivity, linearity, accuracy,
precision, detection limit, quantitation limit, robustness and range. The results
confirm that the method is highly suitable for its intended purpose, i.e. as a
routine method for assay and impurity determination. The MEKC method for
ibuprofen-codeine was coupled to a mass spectrometer in order to evaluate the
potential of partial filling (PF)-MEKC-MS for identification of impurities in
pharmaceutical substances and products. The so-called partial-filling technique
was used to prevent the non-volatile micelles from entering the MS and was
shown to fulfil its purpose of providing detection limits of about 10 pg.
The study clearly shows that micellar electrokinetic chromatography is well-
suited as an analytical technique in industrial pharmaceutical analysis.
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1 INTRODUCTION

1.1 Product quality – pharmaceutical aspects

Drug regulatory authorities (e.g. the US Food and Drug Administration
(FDA) or the Medical Products Agency (MPA) in Sweden) require
manufacturers of pharmaceutical products to comply with the regulations
of Good Manufacturing Practice (GMP). GMP is an important part of
quality assurance, its aim being to guarantee that the product is
manufactured and controlled according to a quality standard which is
suitable for its intended use.

According to Banker et al. [1], the term quality requires a pharmaceutical
product:
- to contain the quantity of each active ingredient claimed on its label, i.e.
within the applicable limits of its specifications
- to contain the same quantity of active ingredient from one dosage unit to
the next
- to be free from extraneous substances
- to maintain its potency, therapeutic availability and appearance until
used
- upon administration, to release the active ingredient for full bioavailability

By adopting analytical test methods, it is possible to check that the above
criteria are satisfied.

1.2 Pharmaceutical analysis – analytical methods

The development of analytical methods is an important aspect of
pharmaceutical analysis. Through the application of different techniques,
quantitative and qualitative determinations are performed, by which is
meant determination of the active compound, excipients, degradation
products and impurities separately as well as in pharmaceutical
formulations. Moreover, when developing new products, it is important to
study the stability profile of the active pharmaceutical ingredient itself, the
final formulation and also the homogeneity of the formulation.

Most of the analytical techniques used in pharmaceutical analysis can be
divided into three main areas, namely spectroscopy, chromatography and
electrochemistry. Other techniques such as titrimetry and thermal
analyses are also used. Spectroscopy and chromatography, especially
high-performance liquid chromatography (HPLC), are the predominant
techniques used. HPLC is characterised by its particular ability to
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separate molecules, which differ only slightly in their physichochemical
properties.
The Swedish chemist Arne Tiselius was awarded the Nobel Prize in 1948
for his work on chromatography and also for establishing electrophoresis
as a separation technique [2]. In the 1960s S. Hjertén laid the groundwork
for capillary electrophoresis separations (CE) [3] and in 1981 Jorgenson
and Lukacs [4] showed that CE was a viable analytical technique. Interest
in CE has increased in the last few years, as evidenced by the increase in
the number of published articles. While HPLC is a mature technique, CE
is still the subject for development. The main advantages of CE are high
resolution, high efficiency and often fast method development.
Furthermore, since CE is a capillary technique, the volumes of samples,
buffers and organic solvents are very small compared to HPLC, which
gives both financial and environmental advantages. Its main weaknesses
are sensitivity, reproducibility and quantification, which need to be
improved.

1.3 Capillary electrophoresis

1.3.1 Theory

CE as a separation technique utilises the differences in migration rates of
charged species in an electric field in a narrow bore capillary [5]. A fused-
silica capillary, (1) in Fig. 1, is negatively charged at the capillary wall
when pH > 2. The capillary is filled with a buffer (3) and the cationic
species from the buffer is attracted to the capillary wall, whereupon a so-
called double layer of ions is created at the wall. The sample (4) is
introduced into the capillary by one of several injection techniques, e.g.
hydrodynamic injection, where a homogeneous sample plug is introduced
into the capillary by pressure or vacuum. When a voltage (2) is applied to
the capillary, a cathode and an anode develop at the electrodes (5). The
buffer moves relative to the charged wall and an electroosmotic flow
(EOF), with mobility µeof, will occur. The size and direction of the EOF
depend on the material of the capillary wall and the composition of the
buffer. There are different possibilities of modifying the buffer, e.g. by
adjusting the pH and ionic strength or through the addition of organic
solvents or modifiers such as cyclodextrins, bile salts, micelles and
celluloses.
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                                   Figure 1. A capillary electrophoresis instrument.

In the most common CE technique, capillary zone electrophoresis (CZE),
the species in the sample migrate with different velocities, µep, due to their
charge/mass ratio. A small, positively charged molecule will migrate
rapidly towards the cathode and reach the detector (6) window before a
negatively charged molecule, for example.
The linear velocity (v) of a migrating ion is given by:

v = µep ⋅ E

where µep is the electrophoretic mobility of the ion and E is the applied
electric field.
In the presence of an EOF the measured mobility, called the apparent
mobility, µapp, is given by:

µapp = µep + µeof  or  µapp = vapp/E = (Ld ⋅ Lt)/(V ⋅ t)

where µeof is the EOF mobility, vapp is the apparent velocity, Ld is the
capillary length to the detector, Lt is the total capillary length, V is the
applied voltage and t is the migration time. The unit of µapp is (cm2/Vs).

1.3.2 Modes of capillary electrophoresis

There are alternative modes of CE. One of them is capillary gel
electrophoresis, where gel-filled capillaries can be used for efficient
separations of macromolecules. Capillary isoelectric focusing is the
separation of ampholytes in a pH gradient. Based on their isoelectric
points, pI, it is possible to separate peptides and proteins, for example. In
capillary isotachophoresis the sample is applied between a leading and a
terminating electrolyte, resulting in an efficient concentration of the
sample. Capillary electrochromatography, CEC, is a recent mode of CE,
which is a hybrid of CE and HPLC [6, 7]. Silica-based solid-phase
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capillaries are generally used; the EOF transports the solvent and the
analytes will separate according to the combined principles of
electrophoresis and chromatography. The advantages of using EOF for
generating the flow is that the column efficiency increases and that it
allows the use of smaller particles than those used in HPLC. Another
combination of electrophoretic and chromatographic principles is micellar
electrokinetic chromatography (MEKC), as described below.

1.3.3 Micellar electrokinetic chromatography

Micellar electrokinetic chromatography (MEKC) is a combination
technique of electrophoresis and chromatography which was developed
by S. Terabe et al. in 1984 [8, 9]. It is a useful CE technique due to its
ability to separate both charged and neutral species. Micelles consist of
surfactants that can form aggregates at concentrations above their critical
micelle concentration (CMC). The aggregates are often spherical, with
hydrophobic tails oriented towards the centre and hydrophilic heads
oriented towards the surrounding aqueous buffer. The micelle surfactants
are either charged or neutral and migrate against or with the EOF. The
possibility of neutral species to partition in and out of the micelle may
result in separation, provided the surfactant is charged. Hydrophobic
species interact more strongly with the micelle and so migrate later
compared to a more hydrophilic species, which are transported by the
EOF. Charged compounds also interact with charged micelles through
electrostatic forces. With this technique, the charge, size and polarity of
the analytes affect the separation, resulting in the possibility of enhanced
separation. The mobility of the micelle, µmc, can be determined by using a
hydrophobic compound, which will be totally incorporated into the micelle.

1.3.4 Capillary electrophoresis in pharmaceutical analysis

MEKC has been shown to be a useful tool in pharmaceutical analysis.
The anionic micellar agent sodium dodecyl sulfate (SDS) is used
predominantly for the separation of, for example, antibiotics, barbiturates,
vitamins and drugs of abuse [10]. The interest in CE in pharmaceutical
analysis stems from the high separation efficiencies and short analysis
times. Further, since CE separates compounds according to their size and
charge, it provides an alternative separation technique to HPLC with a
different mechanism. Commercial instruments allowing the use of various
detectors besides the common ultraviolet-visible detector, e.g. the mass
spectrometer, extend its applicability. The generally short duration of
method development, the simple instrumentation and the small sample
and electrolyte volumes are, of course, interesting from financial and
environmental perspectives [11–13].



9

1.4 Chemometrics

1.4.1 Theory

Chemometrics is the application of statistical and mathematical analysis
to chemical problems. It is a compendium of methods for the design and
analysis of laboratory experiments [14]. Through the use of
chemometrics, large amounts of experimental data can be analysed to
give the maximum of information. The traditional way of doing chemical
experiments is to vary one parameter at a time, i.e. in a univariate design;
however, this is time-consuming and will not give information about
possible interactions between parameters of interest.

In an experimental design the factors are varied in a pre-designed way
and the results (the responses) are connected by means of a
mathematical model [15, 16]. Several experiments are performed in order
to determine the relationship between the responses and the factors. In a
full factorial design all combinations of k factors at a high and a low level
are studied. A full factorial design will therefore contain 2k experiments,
and it is possible to determine all the main effects and all the interaction
effects. With an increasing number of factors, the number of experiments
will increase exponentially, and it can be assumed that the interaction
effects between three or more factors are negligible. With fractional
factorial design, it is possible to reduce the number of experiments and
still get valuable information by focusing on the main effects. A fractional
factorial design will have different so-called resolutions, depending on the
number of runs. For instance, for resolution III, the main effects are
confounded with two factor interactions, for resolution IV, the two-factor
interactions are confounded with each other, and for resolution V, the
main effects and all two-factor interactions are separated from each other.
Replicating center points are added to check for curvature (quadratic
effects) and interactions (cross-product terms) in the model, to obtain an
independent estimate of error and to illustrate the reproducibility of the
method.

The multivariate method of partial least squares (PLS) [17] or multiple
linear regression (MLR) can be used to find quantitative relations between
the responses and the factors. The model explains the variations in the
responses in the terms R2 and Q2, where R2 denotes the fraction of the
variation explained by the model and Q2 denotes the fraction of the
variation that can be predicted by the model. The possible values are in
the range 0–1.0, with 1.0 revealing the existence of a model with excellent
predictive power.
The model can be used for interpretation, prediction and optimisation.
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1.4.2 Chemometrics in pharmaceutical analysis

Chemometrics has been successfully used in pharmaceutical analysis in
the optimisation and validation of analytical methods. Several papers
describe the optimisation and robustness testing of HPLC [18–20] and CE
methods [21–23]. It was concluded from these studies that an increased
understanding of the systems was achieved and that the correct use of
appropriate experimental design is of considerable benefit in evaluating
the robustness of HPLC and CE methods.

Chemometrics can also be used for stability testing of pharmaceutical
substances and products. Stability studies normally require large
resources in terms of time, personnel and equipment. Various forms of
factorial designs such as matrix design and bracketing [24–26] make it
possible to reduce these parameters. The International Conference of
Harmonisation (ICH) also describes the use of matrixing and bracketing
[27].

1.5 Mass spectrometry

Mass spectrometry provides quantitative and qualitative information about
compositions of inorganic and organic materials. The mass spectrometer
produces charged particles that consist of the parent ion and ionic
fragments of the original molecule. These ions are sorted according to
their mass/charge ratio. The selectivity and sensitivity are the main
advantages of mass spectrometry for its ability to identify unknowns or
confirming a suspected compound. Different ionisation techniques and
mass analysers are available, which enhances the possibilities of
designing suitable methods for different kinds of problem. Electrospray
ionisation (ESI) and the quadrupole mass analyser are common tools and
have been used in this study.

Electrospray is a gentle form of ionisation, which allows analytes in liquid
solutions to form gaseous ions. In the presence of a strong electric field a
fine spray containing highly charged droplets is created. The droplet size
is reduced by vaporization, the ions finally leaving the droplet and entering
the mass analyser.

In a quadrupole mass analyser a field is formed by four electrically
conducting, parallel rods in which the opposite pairs of electrodes are
connected. One pair is held at +Udc volts and the other at –Udc volts. The
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ions proceed in cycles through the quadrupole and the lighter the mass,
the lower number of cycles before it is collected by the electrode.
Interfacing with separation techniques is most often necessary and MS
has been successfully coupled to gas chromatography (GC) and HPLC
for many years. In the last few years there has been increased interest in
and acceptance of the coupling CE-MS, which is due to the possibilities of
separating hydrophobic and charged compounds and to obtaining
molecular information [28]. Since CE does not suffer from longitudinal
diffusion and mass transfer restrictions encountered in HPLC, the
efficiency and sensitivity of CE are often better than with HPLC.

Different interfaces are available to connect CE with ESI-MS. The coaxial
liquid sheath flow is used in this study and is the most commonly used
interface due to its reproducible performance. A sheath liquid is mixed
with the buffer at the tip of the capillary. The purpose of the sheath liquid
is to ionise the sample and, together with the nebuliser gas, create a fine
spray. The sheath liquid most commonly consists of approx. 50% organic
solvent and an electrolyte. The flow rate of the sheath liquid is often much
higher than the flow in the capillary. This means that it may be possible to
use buffers and additives in the CE separations that are nonvolatile and
still obtain acceptable results, since the sample is diluted by the sheath
liquid. However, the dilution will impair the sensitivity.

1.6 MEKC-MS

The combination of the techniques MEKC and MS is of considerable
interest due to the selectivity and efficiency of MEKC and the capability of
MS to offer mass information. Because of these advantages MEKC-MS is
very useful in both the biomedical and pharmaceutical fields since
information about separation as well as identification will be available.
However, direct coupling of MEKC and MS is impossible since the
nonvolatile micelle surfactants will contaminate the MS ion source and
drastically impair the sensitivity and the robustness. Different techniques
have been published in recent years [29, 30] to overcome this problem,
e.g. partial-filling MEKC-MS, high molecular mass surfactant MEKC-MS
and atmospheric pressure chemical ionisation MEKC-MS.
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1.6.1 Partial-filling technique

The partial-filling technique (PF) is one of the most promising ways to
combine MEKC with MS and was first introduced by Valtcheva et al. [31]
in 1993 applying a cellulase as chiral selector. Tanaka et al. [32] also
used proteins as chiral selectors, and later PF was used in combination
with micelles and coupled to MS [33–36]. The PF technique is illustrated
in Figure 2. The capillary is first filled with a background electrolyte (BGE)
without micelles, after which the BGE with surfactant is introduced into the
capillary. This so-called plug is either introduced with pressure or by
applying a voltage. The length of the plug should be optimised in each
individual case, depending on the aim of the work. The sample is then
introduced and the voltage is applied over the capillary. The analytes will
migrate and separate through the selector zone. The electroosmotic flow
(EOF), the hydrophobicity, charge and size of the analytes and the
migration of the
micelles are important parameters for the outcome of a separation.

                               Figure 2. The partial-filling technique.

Muijselaar et al. [37] used anionic SDS micelles in a basic system with
high EOF in order to separate several pharmaceuticals. They conclude
that a drawback of the PF technique is the discontinuous character of the
system, which causes the micelles to gradually fall apart into monomers
at the interface to the buffer zone. They also discuss some important
parameters such as the concentration of the surfactant and the length of
the micelle zone. Their conclusion was that it should be preferable to use
as low a surfactant concentration as possible to reduce the extent of
band-broadening. Comparison studies with MEKC confirm these
disadvantages of PF, e.g. PF has a smaller separation volume caused by
the small micelle-zone, a smaller migration time window and increased
band-broadening.
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1.7 Validation in pharmaceutical analysis

The validation of analytical methods is an important aspect of the
development and utilisation of analytical procedures and is required in
product-registration applications. The United States Pharmacopeia (USP)
[38] defines the validation of analytical methods as the process by which it
is established, by laboratory studies, that the performance characteristics
of the method meet the requirements for the intended analytical
applications. Both the USP [38] and the ICH [39, 40] have recommended
general procedures for the validation of analytical methods. Alternative
validation guidelines relate to analytical techniques, e.g. chromatography
[41, 42]. Several papers describe the validation of quantitative CE and
MEKC methods for the determination of degradation products and
impurities in pharmaceutical products [43–46]. These methods perform
well, and it was concluded that the results were similar to those obtained
with validated HPLC methods.

According to the ICH guidelines, the following parameters should be
determined: selectivity, linearity, accuracy, precision, detection limit,
quantitation limit, robustness and range. However, depending on the
purpose of the method, some parameters may be omitted, e.g. the
detection limit for an assay of the main compound in a pharmaceutical
preparation.
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1.8 Pilocarpine, ibuprofen and codeine in pharmaceutical analysis

Pilocarpine is used as a solution of the monohydrochloride to reduce
intraocular tension in the treatment of open-angle glaucoma or to cause
miosis. The reported pKa values for pilocarpine are 7.15 and 12.57 [47]. It
degrades by epimerisation to the trans epimer, isopilocarpine, in alkaline
solutions. The diastereomers reversibly hydrolyse to their respective acid
forms when subjected to heat and/or acid/base-catalysed hydrolysis, Fig.
3. The preparation of pilocarpic acid and isopilocarpic acid was done by
means of base-catalysed hydrolysis according to [48]. The separation of
pilocarpine and its degradation products by different modes of HPLC has
been described [49, 50] with unsatisfactory results regarding selectivity,
symmetry and retention time. Baeyens et al. [51] used CE with the
addition of β-cyclodextrin (β-CD) to separate pilocarpine and
isopilocarpine, while Charman et al. [52] used micellar electrokinetic
chromatography (MEKC) to separate pilocarpine from its degradation
products.
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                   Figure 3. Structure of pilocarpine and its degradation products.
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Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) and can be
employed in combination with the opioid analgesic codeine phosphate
hemihydrate to relieve slight to moderate acute pain. The pKa values of
ibuprofen and codeine (the corresponding acid) are ∼5 [53] and 8.2 [53,
54], respectively. Potential impurities of codeine are methylcodeine,
dimethylpseudomorphine and thebaine. A possible degradation pathway
is an oxidation to codeine N-oxide [55]. Both MEKC, non-aqueous CE and
CEC have been used for the determination of codeine in forensic studies
[56–58], and Korman et al. [59] separated codeine from its by-products in
different pharmaceutical formulations by CE. The racemic mixture of
ibuprofen, (RS)-2-(4-isobutylphenyl)propionic acid, was used and the
compound is known to degrade to 2-(4-isobutyrylphenyl) propionic acid
and to 4-isobutylacetophenone. The latter may also be present as an
impurity [60]. Other known impurities are 2-[4(1-hydroxy-2-
methylpropyl)phenyl]propionic acid and 2-(4-isobutylphenyl)propionamide.
Furthermore, an ibuprofen-codeine ester is known as a probable
degradation product in a combination product of the two compounds. The
separation of NSAIDs, including ibuprofen, by CE has been reported by
e.g. Maboundou et al. [61], while Desiderio et al. [62] used CEC and CE-
MS for the separation. Chiral separations of ibuprofen by CE have also
been described [63–65]. The structures of codeine, ibuprofen, their
degradation products and impurities are shown in Fig. 4.
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Figure 4. Structure of ibuprofen, codeine and their degradation products and impurities.
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2 AIM OF STUDY

The aim of the present work was to study micellar electrokinetic
chromatography (MEKC) as a technique for developing and optimising
analytical methods for use in the pharmaceutical industry.

More specifically the aim included:

 Developing and optimising the separation of pilocarpine,
isopilocarpine and their hydrolysis products, pilocarpic acid and
isopilocarpic acid (paper I).

 
 Developing and optimising a method for the separation of ibuprofen

and codeine from their degradation products and impurities (paper
II).

 
 Validating the ibuprofen-codeine method and investigating its

suitability for its intended purpose, i.e. for quantification of the two
main compounds and determination of the degradation products
and impurities in a tablet formulation (paper III).

 
 Developing and optimising a method to combine the MEKC method

for ibuprofen-codeine with mass spectrometry to identify the
degradation products (papers IV and V).
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3 EXPERIMENTAL

3.1 Equipment

Capillary electrophoresis was performed on a Hewlett-Packard 3DCE
instrument (Walbronn, Germany), with a built-in diode-array detector. The
data was recorded with the matching 3DCE ChemStation software. The
mass spectrometry studies were performed on an 1100 MSD instrument
with electrospray ionisation (ESI) (Agilent Technologies, Walbronn,
Germany). An external microinjection pump (CMA/Microdialysis, North
Chelmsford, Mass., USA), was used in paper V.
Fused-silica (FS) capillaries from either Polymicro (Phoenix, Ariz., USA)
(papers I and III) or from Hewlett-Packard (papers II and III) were used.
For the statistical analysis, the chemometric software Modde 3.0 (papers
I, II and III) or 4.0 (paper IV) (Umetrics AB, Umeå, Sweden) was used.

3.2 Chemicals

The chemicals used in paper I were pilocarpine hydrochloride, Merck
(Darmstadt, Germany), isopilocarpine nitrate, β-cyclodextrin (β-CD),
sodium dodecyl sulfate (SDS), Sigma (St. Louis, Mo., USA), and
hydroxypropylmethylcellulose (HPMC), Shin Etsu/Syntapharm (Naoetsu,
Japan).
The chemicals used in papers II and III were ibuprofen, Jeil Moolsan
(Seoul, South Korea) (paper II) or Knoll Pharmaceuticals (Nottingham,
UK) (paper III), codeine phosphate hemihydrate, Macfarlan Smith
(Edinburgh, UK),  2-[4-(1-hydroxy-2-methylpropyl)phenyl] propionic acid
(A), 4-isobutylacetophenone (B), 2-(4-isobutylphenyl) propionamide (C),
2-(4-isobutyrylphenyl) propionic acid (D) and codeine N-oxide (E), Knoll
Pharmaceuticals (Nottingham, UK), methylcodeine (F) and
dimethylpseudomorphine (G), Tasmanian Alkaloids (Tasmania, Australia),
thebaine (H), Apoteksbolaget AB (Gothenburg, Sweden), ibuprofen-
codeine-ester (J), Astra Production Chemicals (Södertälje, Sweden),
hexadecyltrimethylammonium bromide (HTAB), SDS and Triton X-100
Sigma (St. Louis, Mo., USA), benzoic acid, Merck (Darmstadt, Germany).
Ammonium acetate and formic acid, used in paper V, also came from
Merck (Darmstadt, Germany).
The ibuprofen-codeine tablets were obtained from Astra Production
Tablets (Södertälje, Sweden).
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3.3 General procedures

The capillary dimensions and the washing procedures, the preparation of
BGE as well as the standards and samples are described in detail in the
papers.
For all experiments, the samples were injected hydrodynamically towards
the cathode for 3 seconds at a pressure of 5 kPa, which corresponds to a
volume of approximately 3 nl when a 48.5 cm long capillary is used.
The UV detections were performed at 225 nm (paper I) and at 214 nm
(papers II–V).
During the mass spectrometry studies, the quadrupole was used in
selected ion monitoring (SIM) mode at m/z ratios as described in papers
IV and V.
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4 RESULTS AND DISCUSSION

4.1 Method development

When developing CE methods, the nature of the compounds’ functional
groups and their physicochemical properties such as pKa have to be
considered to identify the correct combination of CE operating
parameters. The operating parameters include the capillary dimensions,
the pH and the ionic strength of the buffer solution and the presence of
additives. Solubilisation of the sample and sample matrices also has to be
considered in order to obtain a method with high separation efficiency and
high resolution. In addition, the detectability, the purity and the stability of
the compounds are important. The choice of detection wavelength is
based upon the maximum absorbance for the compounds in conjunction
with minimal absorbance of the background components. A method
development flowchart is described by Altria [66].

Quantitative methods normally include an internal standard in the
standard preparation. By using an internal standard, it is possible to
compensate for the injection error and variations of EOF, the major error
sources in CE besides detection and integration. The choice of an internal
standard depends on its solubility and stability in the standard solution. It
should also have a suitable migration and preferably be commercially
available.

4.1.1 The ibuprofen-codeine method development (paper II)

The aim was to develop a method capable of separating ibuprofen and
codeine and their degradation products and impurities. However, it was
not within the scope of this study to investigate the chiral separation of
ibuprofen and its chiral degradation products and impurities. Three buffers
with acidic, neutral and alkaline pH were studied. Micellar agents with
different kinds of charge, namely anionic SDS, neutral Triton X-100 and
cationic hexadecyltrimethylammonium bromide (HTAB), were added to
the buffers. At an early stage it seemed that a high pH with the addition of
SDS gave the most promising results regarding migration times. The
addition of a micellar agent, however, proved unable to separate all the
degradation products and impurities from each other without the addition
of an organic modifier, which is known to reduce the EOF and in some
cases also affect the selectivities. ACN was chosen for this purpose. The
capillary dimensions were kept unchanged during the development work.
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With regard to the standards, the compounds were dissolved in 50% ACN
(v/v), since ibuprofen is soluble in organic solvents and codeine
phosphate is soluble in water. Benzoic acid was found to be suitable as
internal standard. Both ibuprofen and benzoic acid have acidic properties.
This is probably the reason for the better precision obtained for ibuprofen
relative to codeine. To further improve the validation results, it might be
possible to use two different internal standards with similarities to each of
the main compounds to obtain comparable validation results. However,
the validation results were found to be sufficient for codeine as well, and
benzoic acid was thus kept as the internal standard.

4.2 Screening and optimisation with fractional factorial design

A widely-accepted way of optimising analytical methods is to start with a
screening design, the purpose of which is to identify the critical factors for
the separation. To determine the optimum conditions, an optimisation
design is chosen on the basis of the results of the screening. The
selection of the factors and the corresponding levels is important, and
more or fewer pre-experiments are needed, depending on the objective
and our knowledge of the compounds and the system. A common
objective for optimisations of analytical separation methods, e.g. CE
methods, is to arrive at fast methods with adequate resolutions. To define
the optimum, it may be necessary to compromise between responses
such as resolution and migration time.

4.2.1 Screening processes (papers I and II)

In the pilocarpine screening design, six factors were varied at two levels in
a 2(6-2) reduced design (resolution IV design) Table 1 (paper I). The
factors and levels were based on a small number of pre-experiments and
hence limited information about the system. The symmetry for
isopilocarpine and pilocarpine, the resolution between them and the
resolution between the two degradation products and the migration time
for the last peak, pilocarpine, were chosen as responses.

Level Temperature
(°C)

Voltage
(kV)

Ionic
strength

SDS
(mM)

HPMC (%,
w/v)

β-CD
(mM)

High (+) 50 25 0.1 160 0.8 16
Center point (0) 40 20 0.055 121 0.5 12.5
Low (–) 30 15 0.01 82 0.2 9
Table 1. Experimental design for the pilocarpine screening experiment.
             pH was kept stable at 7.0.
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The evaluation of this design showed that two of the factors, i.e. the
concentrations of β-CD and HPMC, did not have any significant effect on
the responses. Consequently, they were not needed for the separation.
The other factors (temperature, voltage, ionic strength and concentration
of SDS) had a significant effect on one or more of the responses at a 95%
confidence level. Ionic strength and concentration of SDS gave the largest
effects. The importance of the concentration was previously noted by
Charman et al. [52]. A low ionic strength resulted in fast migration times
and symmetrical peaks but incomplete resolution, whereas a high SDS
concentration resulted in resolution between the peaks and good
symmetry but longer migration times due to stronger interaction of the
analytes with the micelles.

The screening design for the ibuprofen-codeine method was based upon
the method-development work, and consequently with some knowledge
of the system. Six factors were varied at two levels, Table 2, with a 2(6-2)

reduced design, resolution IV design (paper II). The responses chosen
were the migration time for the first and the last peaks and the resolution
between peaks H and C and between peaks G and J (for explanation, see
Figs. 4 and 8). The resolution responses chosen were based on the fact
that these peaks were, on average, the most difficult to separate.

Level SDS
(mM)

pH ACN
(v/v%)

H3BO3
(mM)

Field strength
(V/cm)

Temperature
(°C)

High (+) 80 10.5 11 70 515 25
Center point (0) 60 9.75 9 45 412 20
Low (–) 40 9.0 7 20 309 15
Table 2. Experimental design for the ibuprofen-codeine screening experiment.

The evaluation of this design showed that all factors had a significant
effect on one or more of the responses at a 95% confidence level. Thus it
was not possible to reduce the number of factors or to further optimise the
separation without performing a new full factorial design. The model
adequately explained the results at this stage; however, since the design
was a resolution IV, it was not possible to draw conclusions about
optimisation of the method.

The aim of these two screenings was to identify the critical factors. The
number of significant factors was, however, found to vary. It may,
therefore, be concluded that knowledge of the system (given, for example,
by the number and variations of the pre-experiments) prior to the
screening procedure is critical for the results.
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4.2.2 Optimisation processes (papers I and II)

The factors and levels chosen for the pilocarpine optimisation design
(paper I) were based on the results of the screening design, which
showed that MEKC should be used. According to [52], an increase in pH
was found to have a significant effect. In the optimisation design the pH
was therefore increased by using a borate buffer. The optimisation was
designed as a 2(5-1) design, Table 3, resolution V. The responses were the
same as for the screening.

Level Ionic strength SDS (mM) pH Temperature
(°C)

Voltage
(kV)

High (+) 0.03 170 10.5 30 30
Center point (0) 0.02 135 10.0 25 25
Low (–) 0.01 100 9.5 20 20
Table 3. Experimental design for the pilocarpine optimisation experiment.

The evaluation showed that all the main factors and six interaction terms
were significant at a 95% confidence level on one or more of the
responses, Fig. 5. The voltage and the concentration of SDS caused the
largest effects, resulting in good peak symmetries and complete
resolution with a high SDS concentration. A short analysis time was
obtained with a high voltage. To define the optimum, a compromise
between the responses was obviously needed, and it was important to
determine the critical responses. The symmetry of the main peak,
pilocarpine, and the migration time were the most critical responses and
had the greatest influence on the choice of the optimum separation
process, since the resolution was greater than 1.5 in all experiments. The
optimum conditions chosen were a borate buffer of pH 10.5, ionic strength
0.03, 170 mM SDS, voltage 30 kV and temperature 20 °C. These
optimum conditions were used for the prediction of the responses and
verified experimentally. The predicted results corresponded well with the
experimental results. The optimisation resulted in a baseline separation of
the peaks within 7 minutes, with good peak symmetry of pilocarpine (see
the electropherogram in Fig. 6).
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Figure 5. The coefficient values in the optimisation design (pilocarpine method) for the
responses at a 95% confidence level. The coefficients are divided by the standard deviation of
their respective response.
Factors:
Ion=ionic strength, SDS=concentration of SDS, pH=pH, Te=temperature, Vo=voltage,
pHpH=pH*pH, A=ion*SDS, B=ion*pH, C=ion*Te, D=ion*Vo, E=SDS*pH, F=SDS*Te, G=pH*Vo
and H=Te*Vo.
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Figure 6. The optimum separation of pilocarpine and its degradation products. Capillary, 47.5
cm (Ld), 56 cm (Lt), 50 µm I.D., 363 µm O.D. FS; borate buffer pH 10.5 made from H3BO3/NaOH
to ionic strength 0.03, 170 mM SDS; voltage 30 kV; temperature 20°C; wavelength 225 nm;
injection: pressure (3 s: 5 kPa); sample concentration, pilocarpine (330 µg/ml), isopilocarpine
(33 µg/ml),  pilocarpic acid and isopilocarpic acid (60 µg/ml). The elution order of the peaks is,
from the left, isopilocarpic acid, pilocarpic acid, isopilocarpine and pilocarpine.

The optimisation design for the ibuprofen-codeine method was also based
upon the results from the screening. Since all the factors had a significant
effect on the responses, the design was expanded to a 2(6-1) design,
resolution V, by adding 16 more experiments. Fig. 7 shows the evaluation
of the total of 35 experiments where the field strength and the
concentration of SDS had significant effects on the migration times for the
first and the last peak, but not on the resolution of the other peaks
investigated. A high field strength, which produces a fast EOF, and a low
concentration of SDS, which results in weaker interaction of the analytes
with the micelles, will thus produce a fast migration time without affecting
the resolution. To find the optimum separation levels for the other factors,
a compromise was necessary, resulting in optimum separation when the
factors were 40 mM H3BO3 at pH 10, an addition of 40 mM SDS and 9%
ACN, a field strength of 515 V/cm and a temperature of 25 °C. The
experimental and the predicted results were found to be very close. The
electropherogram in Fig. 8 shows the optimum separation of ibuprofen,
codeine and their degradation products and impurities, resulting in a
baseline separation within 12 minutes.

The results confirm that optimisation by experimental design, starting with
a screening and, based on those results, continuing with an optimisation
design, is a suitable and efficient approach for developing separation
methods in industrial pharmaceutical analysis.
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Figure 7. Coefficient values in the optimisation design (ibuprofen-codeine method) for the
responses at a 95% confidence level. The coefficients are divided by the standard deviation of
their respective response.
Factors:
SDS=concentration of SDS, pH=pH, ACN=concentration of acetonitrile, BAc=concentration of
boric acid, FSt=field strength, Te=temperature and ACN*Te= concentration of
acetonitrile*temperature.
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Figure 8. Optimum separation of ibuprofen, codeine phosphate hemihydrate and their
degradation products and impurities.
Capillary, 40.0 cm (Ld), 48.5 cm (Lt), 50 µm I.D., 365 µm O.D. FS; BGE, borate buffer made from
40 mM H3BO3  and adjusted with NaOH to pH 10.0, 40 mM SDS, 9% ACN; field strength 515
V/cm; temperature 25°C; wavelength 214nm; injection: pressure (3 s: 5 kPa);
sample concentration, 0.33 mg/ml ibuprofen, 0.26 mg/ml codeine phosphate hemihydrate, the
degradation products and impurities varies between 33-75 µg/ml. The current is 44 µA.
A = 2-[4-(1-hydroxy-2-methylpropyl)phenyl]propionic acid, B = 4-isobutylacetophenone, C = 2-
(4-isobutylphenyl)propionamide, D = 2-(4-isobutyrylphenyl)propionic acid, E = codeine N-oxide,
F = methylcodeine, G = dimethylpseudomorphine, H = thebaine and J = ibuprofen-codeine-
ester.

4.3 Validation of the ibuprofen-codeine method (paper III)

The validation of the MEKC method for ibuprofen-codeine was carried out
to investigate whether it was suitable for its intended use, i.e. for
quantification of the two main compounds, and to determine the
degradation products and impurities in area% of each main peak in a
commercially available tablet formulation consisting of 200 mg ibuprofen
and 30 mg codeine phosphate hemihydrate. The validation was
performed according to the ICH guidelines, and the parameter’s selectivity
(the term “specificity” was replaced by “selectivity”), linearity, accuracy,
precision, detection limit, quantitation limit, robustness and range were
studied. A system suitability test is recommended in order to check the
performance of the system prior to use of the method.

The results confirm that the method is selective, linear and highly
accurate. The precision was determined with different instruments,
equipment, laboratories and analysts and on different days, with
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satisfactory results. The detection limit was 1–3 µg/ml for the main
degradation products and the quantitation limit was 3–10 µg/ml for the
same compounds. To evaluate the robustness of the method, the
fractional factorial design model from the optimisation was applied to
small but realistic variations around the defined optimum and predicted
the responses with reliable results. It was concluded that the method is
robust for small changes in the parameters, and the validation clearly
shows the usefulness and advantages of experimental design.

The results confirm that the method is well suited for its intended purpose.

4.4 Coupling the MEKC method for ibuprofen-codeine to mass
spectrometry (paper IV and V)

The MEKC-UV method for ibuprofen-codeine was primarily developed for
routine quantification of the active ingredients and impurities in marketed
products. However, during the development phase of a pharmaceutical
product it would be desirable to be able to combine the MEKC-UV-method
with mass spectrometry. The partial-filling technique was used since the
method consists of the nonvolatile SDS, which makes a direct coupling to
MS impossible.

The micellar zone was optimised by factorial design by studying critical
parameters such as the zone length and the surfactant concentration. The
concentration of ACN in the BGE was also included as it was expected to
have a large effect on the EOF and consequently the separation. The
model was fairly good at explaining the data, but unable to predict results,
probably because of robustness problems.

It was obvious that a compromise between the factors was necessary to
obtain separation between the peaks as well as good peak performance,
Fig. 9. Thus, an optimal partial-filling plug was determined to be 8 cm with
borate buffer with 35 mM SDS and 9% ACN, while the BGE should have
a higher amount of ACN (14.5%). An acidic sheath liquid was chosen to
ionise the uncharged codeine. In this way the negatively charged
ibuprofen becomes partly protonated and thus detectable in the negative
mode, though it is much less intense than codeine.
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Figure 9. The response surfaces for the optimisation of the micellar plug for the PF-MEKC-MS
method.

The robustness problems were reduced significantly when a small micelle
zone was injected directly after the sample. This could probably be
explained by a backward migration of the negatively charged ibuprofen
out of the capillary, which was prevented with a micelle zone after the
sample. The precision was improved and was close to the values
obtained with the MEKC-UV detection (paper III).

It was feasible to use the nonvolatile borate buffer since it was strongly
diluted by the sheath liquid (paper IV). However, by using a volatile, MS-
compatible buffer, i.e. ammonium acetate (paper V), the ion source was
found to be much less contaminated. The CMC for SDS was determined
in the volatile buffer and the SDS concentration could be reduced to 17
mM. The length of the micelle plug containing ammonium acetate buffer
was optimised. It was concluded that a long zone with a low SDS
concentration (80% of the distance to the UV window, 17 mM SDS)
resulted in a fast, well-separating system, Fig. 10.
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Figure 10. The optimum PF-MEKC separation. Ammonium acetate buffer, plug: long zone/low
SDS concentration (80% of the distance to the UV window, 17 mM SDS).

The degradation products are expected at low amounts, which is why
some critical MS parameters needed to be optimised to increase the
sensitivity. This was performed in an off-line mode by using a
microinjection pump to deliver the sample into the MS. Optimisation of
parameters in an off-line mode could both be simple and time saving and
is usually an acceptable approach in the optimisation of combined
analytical MS methods [67]. However, the study described in paper V
showed that some of the conclusions from the off-line optimisation were
not applicable when the entire PF-MEKC-MS system was used.

Critical MS parameters, the so-called fragmentor voltage and the
composition and flow of the sheath liquid, were optimised in off-line mode.
It was concluded that a lower fragmentor voltage, 60 V, was suitable in
the MS negative mode to obtain high peak intensities and a higher
voltage, 90 V, in the positive mode.

The composition of the sheath liquid was 50% MeOH with the addition of
either formic acid or ammonium acetate in concentrations between 1 and
3%. The intensities for codeine were highest with ammonium acetate (in
the off-line mode), although when the PF-MEKC-MS system was used it
was not possible to detect codeine. Accordingly, an acidic sheath liquid
(1% formic acid) was necessary in order to ionise codeine and was
therefore chosen as the sheath liquid. The flow was varied in the range 2–
10 µl/min, where 8 µl/min resulted in the most intense peaks.

The quantification limit for the degradation products was approx. 5 µg/ml
with the MEKC method for the ibuprofen-codeine method (paper III).
Samples with this concentration for each degradation product were
injected into the PF-MEKC-MS system. It was possible to detect all
degradation products at this low concentration, corresponding to 10 pg,
either in the positive or in the negative mode, Fig. 11.
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Figure. 11. MS chromatogram in negative (A) and positive (B) mode. The BGE consists of 40
mM ammonium acetate buffer (pH=10.0) with 14.5% ACN. The micelle zone consists of 40 mM
ammonium acetate buffer (pH=10.0) with 9% ACN and 17 mM SDS and is introduced with a
pressure of 50 mbar over 328 sec. A sheath liquid consisting of 1.0% formic acid in 50% MeOH
is pumped with a flow of 8 µl/min. Approximately 2 nl of 5 µg/ml sample solutions are introduced
into the capillary, which corresponds to about 10 pg.

4.5 Industrial considerations

One of the main aims of pharmaceutical analysis is to develop highly
effective and reproducible analytical methods. It is therefore necessary for
the industry to perform applied research in close cooperation with
universities to develop the potential and suitability of new techniques.
Analytical chromatographic methods for pharmaceutical products should,
for example, be able to identify and quantify the active ingredients as well
as degradation products and impurities in the presence of excipients. The
methods ought to be useful for their intended purposes during early
development and during stability studies as well as for quality control
during production at the manufacturing site. When considering a time-
saving and economical aspect, it is highly advantageous if the same
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analytical method can be used for determination of both assay and
degradation products (paper II).

During early-phase development work it is also of importance to consider
the future use of the method, e.g. to have a selective method and an MS-
compatible buffer. A highly selective method is essential, since new
degradation products may be formed even at later stages. By using an
MS-compatible mobile phase, it is possible to couple the separation
method, GC, LC or CE, to MS for structure identification if necessary.
However, the MEKC method for ibuprofen-codeine was based on a non-
volatile buffer, i.e. conventionally called a non-MS compatible buffer. The
buffer was used with satisfactory results in the PF-MEKC-MS system
(paper IV), although the results improved considerably when the buffer
was changed to a MS-compatible one (paper V). Thus, the development
of the PF-MEKC-MS method (paper V), for instance, would have been
easier if the method had been based on ammonium acetate.

Thus, when the aim of a PF-MEKC-MS method is to identify analytes on
rare occasions, the use of a nonvolatile buffer, such as borate, would be
satisfactory since the buffer will be diluted by the sheath liquid and the ion
source will not be heavily contaminated. If the method is to be used more
frequently, a method including a volatile buffer is preferable.

It is also important to work with relevant sample concentrations of the
main ingredients. As described in papers II and IV, the aim has been to
develop a systematic approach to drug purity studies. Therefore, relatively
high concentrations, e.g. around 0.1 mg/ml of the main active ingredients,
had to be introduced even though better peak shapes could be obtained
with lower concentrations. The supply of isolated degradation products
and impurities is often limited at early stages, which makes the
development and validation work more challenging.

In paper V the optimisation of two MS parameters was performed in an
off-line mode, i.e. a microinjection pump delivered the sample to the MS.
This is a time-saving and practical way to optimize e.g. CE-MS methods
[67], although the verification experiments revealed that the optimum
conditions obtained were unsuitable for the PF-MEKC-MS system. A
reduced factorial design where PF, MEKC and MS parameters were
varied at the same time [68] might have been a more efficient way to
reach the optimal conditions.

Paper V shows that PF-MEKC-MS is a suitable analytical technique of
utilizing the separation capabilities of MEKC together with the molecular
information of MS. The PF technique is easy to use and the future
prospects of PF-MEKC-MS look promising. However, more scientific work
on PF-MEKC-MS systems is needed to develop methods that give better
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precision, higher sensitivity and convenient and reliable quantification in
order for the technique to be acceptable within the pharmaceutical
industry in the future. The work should focus on high sensitivity in the total
ion collection (TIC) mode in order to be able to detect unknown impurities
for further identification.
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5 CONCLUSIONS

A MEKC method was developed for the separation of ibuprofen, codeine
and their degradation products and impurities and was optimised using
fractional factorial design. The optimum method gives a baseline
separation of the compounds within twelve minutes. The ibuprofen-
codeine method was validated according to the ICH guidelines to
determine the suitability of the method, with results confirming that the
method is highly suitable for its intended purpose. The MEKC method was
coupled to mass spectrometry using the partial-filling technique, which
avoids micelles to reach the MS. Degradation products corresponding to
10 pg could be detected.

The separation of pilocarpine, isopilocarpine and their hydrolysis
products, pilocarpic acid and isopilocarpic acid, was optimised by means
of a fractional factorial design, resulting in a well-separating system within
seven minutes, with good peak symmetry of pilocarpine.

The studies were performed to evaluate the use of MEKC as an analytical
technique in industrial pharmaceutical analysis. The results demonstrate
that MEKC is highly suitable for quantitative drug analysis and impurity
determinations. It is also a suitable technique in development work due to
its advantages, such as high resolution, high efficiency, simple
instrumentation and small sample and electrolyte volumes. It is also
shown that chemometrics is a helpful and informative tool in optimisation
and validation by CE. A validation was performed to verify the suitability of
a method, showing that it is highly suitable for use in pharmaceutical
analyses, e.g. quality control analyses and stability studies. A MEKC
method was coupled to mass spectrometry using the partial-filling
technique to receive molecular information to identify the degradation
products. It can be concluded that MEKC-MS is a promising technique in
the process of identification of impurities in pharmaceutical products.

It was also concluded that an optimisation design could be used to
evaluate the robustness of the method, which clearly shows the
usefulness and advantages of experimental design.
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