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Simultaneous resolution of overlapping peaks in high-performance
liquid chromatography and micellar electrokinetic chromatography

with diode array detection using augmented iterative target
transformation factor analysis
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Abstract

In this paper, augmentation has been applied to data matrices, which originate from hyphenated methods that share the same mode of detection,
but use different separation methods, HPLC-DAD and MEKC-DAD. A novel method, wavelength shift eigenstructure tracking (WET), has been
proposed for the alignment between the wavelength scale of both detectors. WET proves to be suitable for the detection as well as correction of
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avelength shift between both detectors. After correction of the wavelength scale, data obtained on both systems have been augmented
o iterative target transformation factor analysis. Augmented curve resolution provides significantly better estimates of the chromatogd
lectrophoretic profiles and spectra than the use of non-augmented curve resolution on HPLC and MEKC data separately. It is particu
hen the pure fraction of a chromatographic peak is less than 0.10. Finally, the relative weight of MEKC versus HPLC in augment
e increased using intensity and noise normalisation. However, since noise normalisation and its accompanying decrease in signal-t

eads to a loss of information, and, since intensity normalisation may cause a failure of the augmented curve resolution algorithm, b
rawbacks of normalisation should be weighed on a case-by-case basis.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Drug impurity profiling requires the use of separation
ethods with a very high degree of selectivity, since the

ompounds that need to be analysed are usually closely related.
o, hyphenated methods are often used[1]. Application of
yphenated methods results in the acquisition of bilinear data
atrices. Treatment of these matrices with chemometrical
ethods may enhance selectivity by resolution of overlapping
eaks. An overview of the, so-called, curve resolution methods
as given by Liang et al.[2]. Unfortunately, concentration
rofiles and spectra, which are obtained by curve resolution of a
ilinear data matrix that corresponds to a single experiment, are
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potentially unreliable as a result of unresolved rotational
intensity ambiguities, unless selective information is pre
for all compounds[3]. Intensity ambiguities are caused
the scaling of the estimated concentration profiles and sp
by some unknown factor, while rotational ambiguities
caused by the fact that the estimated concentration profile
spectra are mixtures of the true ones due to insufficient sele
information. These ambiguities can be removed if several e
iments, which have been performed under different condit
are analysed simultaneously, and if the concentration profi
the spectra in these different experiments are equal[4]. Relative
intensity ambiguities among data matrices will always
solved when they are analysed simultaneously, since the u
concentration profiles or spectra of the individual species
forced to be equal. However, rotational ambiguities will o
be solved if every species has a selective region in at leas
of the experiments[5]. Combination of multiple data matrice
augmentation, is only possible when individual matrices ha
least one order in common. Rank analysis of column-wise
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row-wise augmented data matrices is an appropriate method to
detect orders in common between data matrices. Furthermore,
the total number of species can be estimated in this way
[6].

Up to now, augmentation was mainly used for the simulta-
neous analysis of bilinear data matrices, which were obtained
using the same hyphenated method under different experimental
conditions. Examples are the application of augmented MCR-
ALS or other deconvolution methods to excitation–emission
fluorescence spectroscopy[7–9], spectrophotometric titrations
[2–5,10–16], HPLC-DAD [17–21], and CE-DAD [22,23].
Since in drug impurity profiling several hyphenated methods
are used for the analysis of a single sample, it would make
sense to evaluate whether augmentation can be used for
the simultaneous analysis of data from different hyphenated
methods. As augmentation is only possible when data matrices
have at least one order in common, these hyphenated methods
would either have to share the same separation method and
use different modes of detection, or, share the same mode of
detection and use different separation methods. Examples of
the former were revealed by Brereton et al. in the simultaneous
treatment of HPLC-DAD and HPLC–MS data[24–25] and
by Wang et al. in the combination of GC–FTIR and GC–MS
[26].

Alignment and interpolation of the chromatographic profiles
proves to be a decisive step in this type of augmentation. A
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ple measured with one instrument to its response obtained on
another instrument. A suitable transformation matrix is calcu-
lated using linear regression. Unfortunately, DS does not adept
well to locally occurring wavelength shifts and non-linearity
[38,39]. To improve DS, Wang et al. introduced piece-wise
direct standardisation (PDS)[37]. This method is based on the
consideration that the spectral information given at a certain
wavelength under the calibration conditions is contained in a
small spectral region of neighbouring wavelengths under the
prediction conditions[40]. PDS is capable of taking into account
wavelength shifts, small non-linearities, and different intensity
shifts across the wavelength range[33]. It is one of the most
widely used methods for calibration transfer[33,34,38,41–51].
Lately, modified versions of PDS were introduced; continu-
ous piecewise direct standardisation (CPDS)[52] and wavelet
hybrid direct standardisation (WHDS)[53]. Finally, the use of
artificial neural networks (ANN) was proposed. Since spectral
windows on the second instrument are matched to the centre
points of the corresponding spectral windows on the first instru-
ment and non-linear transfer functions are used, the problems
of wavelength shift and non-linear behaviour are both handled
[54,55].

All above-mentioned approaches share the same disadvan-
tage; a representative set of compounds is required to per-
form alignment of the spectra. Since in drug impurity pro-
filing the number and identity of the compounds is princi-
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arge number of methods has been introduced for the align
f chromatographic profiles with small retention time sh

26–31]. In order to apply augmentation to bilinear data ma
es from hyphenated methods, which share the same mo
etection but use different separation methods, the alignm
pectra is crucial. Some experience in the adjustment of sp
hanges has been acquired in the field of calibration tran
wo approaches can be used; either the calibration mod
odified in order to provide similar results for data from

econd instrument, or data from the second instrument are
fied in such a way that they appear to have been measur
he first instrument[32]. Only the latter approach is appropri
or the current objective (matching spectra from HPLC
EKC).
Full spectrum standardisation (FFS) is an approach, bas

he assumption that differences between spectra are linea
ain no wavelength shifts and that the intensity shifts are e
t all wavelengths[33]. A comparable method, called sing
avelength standardisation (SWS), also corrects for inte
ifferences that vary across the wavelength region by regre

he responses of both instruments at each channel. Howev
equirements of linearity and the absence of wavelength
re still maintained[32–34]. In order to adjust for waveleng
hifts and non-linear behaviour, novel methods of calibra
ransfer have been developed. First of all, a patented m
as introduced by Shenk and Westerhaus[35]. This method
orrects the full spectral response function of an instrume
erforming a wavelength index conversion, which is followe
spectral intensity transformation at each wavelength[36]. Sub-
equently, direct standardisation (DS) was proposed by Wa
l. [37]. This method directly relates the response of a s
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ally unknown, these approaches are not suitable. A stan
ree calibration transfer method was introduced by Blan
l. [56]. This approach, which is known as finite impu
esponse (FIR) filtering, uses a representative spectrum
he master instrument to filter the spectra from the slave in
ent. The main disadvantages of FIR are the inabilit
rocess the ends of spectra and to handle baseline dis
uities [56]. An improved algorithm has been proposed
akes the transfer more robust by avoiding transfer arte

57,58].
In the current paper, augmentation has been applied to

atrices from hyphenated methods that share the same
f detection, but use different separation methods, in this
PLC-DAD and MEKC-DAD. As none of the above-mention
alibration transfer methods completely meets the requirem
or spectral alignment, a novel method based on singular
ecomposition (SVD) and cubic spline interpolation, has b
eveloped. This approach, which is called wavelength
igenstructure tracking (WET), has been used to detect the

ength shift that exists between both detectors. It is also su
or the actual alignment by adjustment of the wavelength sca
ne of the detectors. Since determination of the required w

ength correction is based on the actual measurements, se
nalysis of a representative set of compounds on both sy

s not necessary. After wavelength scale alignment, the re
ng augmented data matrices have been decomposed us
ugmented curve resolution method, in this case, iterativ
et transformation factor analysis (ITTFA). Results have b
ompared to those obtained using the same curve reso
ethod without augmentation. The effect of normalisatio

he intensity and/or noise level between HPLC and MEKC
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on the performance of augmentation as well as the influence of
the degree of peak overlap in HPLC and MEKC data have been
investigated.

2. Theory

2.1. Augmented iterative target transformation factor
analysis (ITTFA)

Augmented ITTFA does not differ fundamentally from nor-
mal ITTFA. Only a few minor modifications of the algorithm
are necessary to accommodate for the fact that augmented chro-
matographic profiles contain multiple peaks, while normal chro-
matographic profiles are unimodal. These multiple peaks all
correspond to the same compound under various experimental
conditions. The algorithm used in this paper is based on a paper
by Vandeginste et al.[59]. In the first step, principal compo-
nent analysis (PCA) is performed on the complete data matrix.
Since augmentation does not change the number of chemical
species present, this method provides an estimate of the total
number of compounds. This number also indicates which of
the obtained abstract spectra and abstract augmented chromato-
graphic profiles are significant. Subsequently, an iterative target
testing procedure is used to change the abstract augmented chro-
matographic profiles into the true augmented chromatographic
profiles. First of all, a Varimax rotation[60] is used. This type
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involves the transfer of one of the wavelength scales by an
integer multiple of the sample interval. Essentially, the data
obtained on one of the spectrophotometers is moved one or
more positions in the spectral direction. On the other hand, a
continuous wavelength shift involves the transfer of one of the
wavelength scales by a fraction of the sample interval. Since, in
this case, the target wavelength will not match the next position
in the spectral direction, interpolation of the data is necessary.
Although linear interpolation is a straightforward approach that
could prove to be suitable, a more subtle method was proposed
by Gong et al.[61]. They used cubic splines for the interpolation
of chromatograms. The same approach would be suitable for
spectra without modification. Spline functions are defined as
piecewise polynomials of degreen. The pieces join in so-called
knots and fulfil continuity conditions for the function itself and
for the firstn − 1 derivatives. The number of knots (m) is equal
to the number of polynomial pieces that are used to build the
spline function. Consequently, a cubic spline is a continuous
function, which is compiled using third order polynomial
pieces, with continuous first and second derivatives[62]:

y =
m∑

j=1

aj + bjx + cjx
2 + djx

3 (1)

A second concern is the development of a suitable approach
towards determination of the actual extent of the wavelength
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f rotation tries to obtain a few large loadings and as many
ero loadings as possible. In other words, it attempts to m
he chromatographic profiles unimodal. Therefore, it is app
eparately to each part of the augmented chromatographi
le that originates from a single chromatographic run. After
otation, the separated parts are recombined to form augm
tart targets. Subsequently, these start targets are process
t a time. A rotation matrix is calculated based on the first
et. Then, the obtained rotation matrix is used to calcula
redicted target. Finally, this predicted target is evaluated
dapted. Elements of the predicted target which are bel
ertain threshold are set to zero, and minor peaks which ar
rated from the main peak by one or more zeros are elimin
or obvious reasons, this part of the algorithm is perfor
eparately for each part of the augmented predicted targe
riginates from a single chromatographic run. After adapta

he target is resubmitted to the iterative procedure. Iterati
topped, when a maximum number of iterations is reached,
ation of the target is not possible, or the predicted and ad
arget are sufficiently similar. The iterative procedure is repe
or the remaining start targets. Finally, the accepted targe
caled to unit length to obtain augmented chromatographic
les. Linear regression is used to calculate the spectra bas
hese augmented chromatographic profiles and the augm
ata matrix.

.2. Wavelength shift eigenstructure tracking (WET)

A primary consideration in the alignment of spectra betw
ifferent spectrophotometers is the question whether a dis
r continuous wavelength shift is required. A discrete s
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hift. In the field of remote sensing, cross correlogram spe
atching (CCSM) was developed by van der Meer and Ba

63]. This method plots the correlation between two spect
function of wavelength shift. A maximum is observed w

he most appropriate wavelength shift is reached. Unfortuna
he method is not suitable for the current purpose, since i
nly handle vectors. Furthermore, it cannot be used to ma
ultiple components at the same time. Eigenstructure tra
nalysis (ETA) was introduced by Cuesta Sánchez et al.[64] to
reate local rank maps of bilinear data matrices. A small s
ion of the bilinear data matrix, the so-called window, wh
ontains all spectral points and only a few (odd number)
oints, is moved along the matrix in the time direction,
oint at a time. Each window is submitted to SVD. Sub
uently, the natural logarithms of the eigenvalues are pl
s a function of time. The number of eigenvalues, which d
te significantly from the noise level, is an indication of

ocal rank. A combination of the concepts of CCSM and E
as led to the development of WET. Given the fact that
ilinear data matrices include spectral information for the s
ompounds, the resulting augmented matrix should have a
qual to the number of compounds when the wavelength s
re aligned perfectly. Therefore, in WET augmented mat
re formed comprising of matrices with different degree
avelength shift. Each augmented matrix is submitted to S
hen, the natural logarithms of the eigenvalues are plotte
function of the degree of wavelength shift. A minimum

he number of significant eigenvalues is observed when
ost appropriate wavelength shift is reached. The augm
atrix which produced this minimum is suitable for furt
rocessing.
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3. Experimental

3.1. Chemicals

The benzodiazepines, nitrazepam, clonazepam, and
lorazepam, were donated by several pharmaceutical companies.
Since their molecular structures are closely related, they have
rather similar UV-spectra[65] and comparable chromatographic
behaviour. Therefore, a mixture of these compounds is difficult
to analyse, which makes them excellent candidates to investigate
the potential of selectivity enhancement by combined interpre-
tation of data from HPLC and MEKC. HPLC-grade acetonitrile
and methanol were obtained from Labscan (Dublin, Ireland),
and, phosphoric acid (85%), sodium dodecyl sulphate (SDS)
and sodium hydroxide from Merck (Darmstadt, Germany). All
chemicals were of analytical grade. An ELGA Maxima ultra
pure water system (Salm & Kipp, Breukelen, the Netherlands)
was used to prepare de-ionised water. A solution containing
200 mg/l of each of the benzodiazepines was prepared in a mix-
ture of methanol and water. The elution strength of the solvent
was kept as close as possible to the elution strength of the mobile
phases. This solution was used for HPLC. Solutions containing
62.5 or 125 mg/l of each of the benzodiazepines were prepared
in separation buffer. These solutions were used for MEKC.

3.2. HPLC system
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(30 min). Between runs the capillary was flushed with buffer
for 2 min. The same separation buffer, containing 7.0 mM SDS
and 15.0% acetonitrile in 10 mM phosphate buffer pH 7.0, was
used for all samples. Spectra were obtained from 220 to 350 nm
using a 2 nm resolution and a 1.25 Hz sample rate. Details on the
capillary length, sample concentration, and separation potential
are provided inTable 3under Section4.

3.4. Software

The obtained data were saved in ASCII-format using an HP
ChemStation macro. For each run, one matrix with the measured
absorbance as a function of wavelength and time, and two vec-
tors with wavelength and time labels, respectively, were stored.
Subsequently, these data were loaded into Matlab 5.3 (Math-
works, Natick, MA, USA) for further processing. All steps of
the method were integrated into one graphical user interface
controlled Matlab 5.3 algorithm. In the first step of the algo-
rithm ETA was used to detect zero concentration windows in
the HPLC data. This information was used to correct back-
ground fluctuations (baseline offset and drift); the response in
the zero concentrations windows was interpolated using linear
regression, for each wavelength separately, and subtracted from
the data matrix. This process was repeated for the MEKC data.
Subsequently, WET was employed to determine the appropriate
degree of wavelength shift. After manual selection, WET was
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An HP 1090 liquid chromatograph (Agilent, Waldbronn, G
any) was used, equipped with a diode array detection sy
ystem control, data acquisition, and data analysis were

ormed using ChemStation Release 04.02. An ODS Hypers18
olumn with dimensions 250 mm× 4 mm and particle size 5�m
as supplied by Agilent (Waldbronn, Germany). Mobile pha
ontaining water (H2O), methanol (MeOH), and acetonitr
MeCN) were used. Flow rate was kept constant at 0.8 ml/

built-in autosampler was used to inject 5�l portions of the
ample solution. The syringe was rinsed three times with 2�l
f methanol between injections. Spectra were obtained
20 to 350 nm using a 2 nm resolution and 1.3 Hz sample
ll experiments were performed at ambient pH (5.5–7.0,
uffered) and temperature (20–25◦C). Details on the mobil
hase composition are provided inTable 2under Section4.

.3. MEKC system

Experiments were carried out using a Hewlett-Packard
apillary electrophoresis system (Agilent, Waldbronn, G
any), equipped with a diode-array detection system and C
tation Release 05.01 for system control, data acquisition
ata analysis. All samples were injected hydrodynamicall
pplying a pressure of 50 mbar for 2 s. Electrophoresis
erformed at a constant potential of 15 or 25 kV, and the
erature of the capillary was maintained at 25◦C. An uncoate

used-silica capillary of 58.5 or 62.0 cm (effective length 5
r 53.5 cm)× 75�m internal diameter was used. Before

he capillary was rinsed with 1 M sodium hydroxide (15 m
ollowed by de-ionised water (15 min) and separation bu
.
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pplied again, on the corrected matrix, to confirm that the ch
avelength shift was suitable. As an option, the response

he noise level were normalised in both data matrices. Nor
sation of the response was performed by multiplication o

EKC data matrix with a constant in order to obtain the s
otal peak area as for the HPLC data matrix, while normalisa
f the noise was performed by adding an amount of norm
istributed noise to the HPLC data matrix in order to obtain
ame average higher order eigenvalues in the ETA plot a
he MEKC data matrix. Both normalisation steps were optio
inally, the matrices were augmented and submitted to c
esolution by ITTFA.

. Results and discussion

.1. Simultaneous curve resolution of HPLC and MEKC
eaks

An HPLC chromatogram was obtained for a sample
aining nitrazepam, clonazepam, and lorazepam. The ap
obile phase contains 40% (v/v) of water and 60% (v/v) of

onitrile. Although these conditions permit a very fast analy
he obtained separation is completely inadequate; only one
s observed in the chromatogram (Fig. 1a). A selection of th
btained data matrix, from 3.0 to 5.0 min (0.0125 min inter
nd from 221.5 to 349.5 nm (2 nm interval), was submitte

TTFA. Although three compounds are detected and reso
he obtained chromatographic profiles show artefacts in the
f negative parts (Fig. 1b).

Conditions are chosen in order to ensure that spectra in H
nd MEKC are as closely related as possible within the limit
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Fig. 1. HPLC chromatogram obtained using a mobile phase containing 40% H2O and 60% MeCN (a), corresponding concentration profiles provided by the application
of ITTFA to the HPLC data only (b), and augmented ITTFA to the HPLC and MEKC data simultaneously (c).

by these separation methods. Both methods are applied at neu-
tral pH and using the same organic modifier (acetonitrile) with
different concentrations (ca. 60% (v/v) for HPLC and 15% (v/v)
for MEKC). Compounds are also forced as much as possible
into the aqueous phase by use of a low micelle concentration.
Furthermore, conditions are selected in order to obtain peaks
that are sufficiently wide for the diode array detector to collect
enough spectra. While the sample frequency of the detector
is adequate for normal MEKC peaks with single-wavelength
UV mode, it is not sufficient for such peaks with DAD mode.
Consequently, the peaks in the electropherogram are wider, and,
hence the plate numbers are lower than normally observed in
MEKC.

An electropherogram was acquired for a sample containing
nitrazepam, clonazepam, and lorazepam. The applied separa-
tion potential is 25 kV, and the effective length of the capillary
is 50.0 cm. At pH 7.0 the benzodiazepines of interest are all
uncharged. As a result, their separation depends on the presence
of micelles in the separation buffer. Although the concentration
of sodium dodecyl sulphate (7.0 mM) seems below the critical
micelle concentration, taking into account the relatively high

acetonitrile content of the separation buffer (15%), micelles
are still assumed to be present. However, their concentration
is relatively low and they are much smaller[66]. Consequently,
these conditions provide a poor separation; only one peak is
observed in the electropherogram (Fig. 2a). A selection of the
data matrix, from 7.6 to 10.6 min (0.0133 min interval) and from
220.5 to 348.5 nm (2 nm interval), was submitted to ITTFA.
Three compounds are detected and resolved, but the obtained
electrophoretic profiles show the same artefacts that are also
observed in the chromatographic profiles (Fig. 2b).

The spectra obtained from HPLC (Fig. 3a) and MEKC
(Fig. 3b) data deviate somewhat from the pure HPLC spec-
tra (Fig. 3d). This is most prominent for the compounds that
do not possess selective regions; in the HPLC chromatogram
nitrazepam overlaps completely with lorazepam (first peak) and
clonazepam (last peak), while, in the MEKC electropherogram
clonazepam overlaps completely with nitrazepam (first peak)
and lorazepam (last peak). Although the occurrence of artefacts
in chromatographic profiles and spectra depends on the use of
constraints, the magnitude of the artefacts is also determined by
the degree of peak overlap[67].
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Fig. 2. MEKC electropherogram obtained using a capillary of 58.5 cm (effective length 50.0 cm) for a sample containing 62.5 mg/l of each of the benzodiazepines
(a), corresponding concentration profiles provided by the application of ITTFA to the MEKC data only (b), and augmented ITTFA to the HPLC and MEKC data
simultaneously (c).

Wavelength shift eigenstructure tracking (WET) was applied
to the HPLC and MEKC matrices in order to determine the
required degree of wavelength shift. Three eigenvalues remain
constant independent of the wavelength shift, while the remain-
ing eigenvalues show a minimum at a shift of 1 nm (Fig. 4a).
This clearly indicates that the combined matrices contain spec-
tral information from three different compounds and that the
wavelength scales in both matrices differ by 1 nm. The observed
degree of wavelength shift is correct, since it is known that the
HPLC data have been obtained at 221.5, 223.5,. . ., 349.5 nm,
while the MEKC data have been obtained at 220.5, 222.5,. . .,
348.5 nm. Although it is possible to select wavelength range
as well as sample frequency, the exact wavelengths can not be
chosen. After correction, WET was applied again, to confirm
that the chosen wavelength shift is adequate (Fig. 4b). First
of all, the spectra from HPLC and MEKC now match very
closely; apart from the wavelength shift no other differences
are present in the spectra. This can be concluded from the fact
that at the minimum in the WET plot only three eigenvalues
deviate significantly from the noise level, which corresponds to

the three compounds. Secondly, the WET plot before wavelength
scale correction (Fig. 4a) shows artefacts (bumpy plots of higher
order eigenvalues), which are absent after correction (Fig. 4b).
These artefacts are more intense when linear interpolation is
used instead of cubic spline interpolation. The frequency of this
bumpy pattern is once every 2 nm, which is equal to the sample
interval of the diode array detector. Furthermore, the tops appear
to coincide with wavelengths that do not require interpolation.
Therefore, it is likely that this artefact is related to the interpo-
lation. The second WET plot does not show any artefacts. Since
one of the matrices involved in the construction of the second
plot WAS obtained by correction of the wavelength scale, all
data are influenced by interpolation.

The intensity and noise level were normalised between both
data matrices. Next, these matrices were augmented and submit-
ted to curve resolution by ITTFA. Three compounds are detected
and resolved. The obtained chromatographic profiles (Fig. 1c)
and electrophoretic profiles (Fig. 2c) do not show any signs of
artefacts. Furthermore, the obtained spectra (Fig. 3c) are almost
identical to the pure HPLC spectra (Fig. 3d). For all compounds,
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Fig. 3. Spectra provided by the application of ITTFA to the HPLC data only (a), spectra provided by the application of ITTFA to the MEKC data only (b), spectra
provided by the application of augmented ITTFA to the HPLC and MEKC data simultaneously (c), and pure spectra obtained by the analysis of standards under the
same HPLC conditions (d).

Fig. 4. Wavelength shift eigenstructure tracking (WET) plot obtained for the HPLC and MEKC data before (a) and after (b) wavelength scale correction.
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Table 1
Correlation between pure and resolved spectra

Compound Single ITTFA for
HPLC data

Single ITTFA for
MEKC data

Augmented ITTFA
for both data sets

Nitrazepam 0.9243 0.9911 0.9972
Clonazepam 0.9853 0.9636 0.9909
Lorazepam 0.9993 0.9982 0.9997

the correlation between the resolved spectra from augmented
curve resolution and the pure spectra is higher than the corre-
lation between the resolved spectra from non-augmented curve
resolution and the pure spectra (Table 1). Moreover, after aug-
mented curve resolution, this correlation is very good (>0.99) for
all compounds. On the other hand, after non-augmented curve
resolution, the compounds with the most severe degree of over-
lap, nitrazepam for HPLC and clonazepam for MEKC, show the
lowest correlation.

4.2. Evaluation of intensity and noise normalisation

In Fig. 5, ETA-plots are shown for augmented HPLC and
MEKC data from the example. Spectra 1–162 were obtained by
HPLC, and spectra 163–387 were obtained by MEKC. Before
normalisation, the noise levels of both data are approximately
equal (Fig. 5a), which is shown by comparable higher order
eigenvalues. On the other hand, the signal intensity is signif
icantly lower for MEKC than for HPLC (Fig. 5a), which is
shown by a lower first eigenvalue. Thus, normalisation of the

intensity may be indicated to balance the weight of HPLC and
MEKC in the resolution process. Since the signal-to-noise ratio
of the MEKC data is not affected by intensity normalisation,
the noise level of the MEKC data is increased compared with
that of the HPLC data (Fig. 5b). Hence, normalisation of the
noise level may be appropriate. However, the addition of nor-
mally distributed noise leads to a decrease in the signal-to-noise
ratio of HPLC data (Fig. 5c). Since a decrease in signal-to-noise
ratio leads to a loss of information, this approach may not be
favourable.

A series of eight HPLC data matrices were obtained using
different compositions of mobile phase (Table 2). Addition-
ally, a sequence of eight MEKC data matrices were acquired
using different capillaries, sample concentrations, and sepa-
ration potentials (Table 3). Augmented curve resolution was
applied to all possible HPLC and MEKC data combinations (in
pairs) to obtain chromatographic or electrophoretic profiles and
spectra. The retention or migration times and the peak widths
at half height of the benzodiazepines were calculated from the
profiles. Subsequently, the elution order was determined based
on the retention or migration times of the individual compounds
(Tables 2 and 3). It is assumed that all peaks are symmetrical
and Gaussian-shaped with a peak width at the baseline of 6σ

(±3σ). Subsequently, the fraction of the area under the peak,
which does not show overlap with other compounds, was calcu-
lated by integration of the Gaussian distribution using a so-called
e pure
p s
w

Table 2
HPLC mobile phase compositions and separations for nitrazepam (N), clonaz

Run Mobile phase composition Separation

H2O (%) MeOH (%) MeCN (%) Peak order L peak

1
2
3
4
5
6
7
8

T
M nd lo

R

L peak

1
2
3
4
5
6
7
8 0.27 0.09 1.00

w

40 0 60 L–N–C
60 0 40 L–N–C
56 8 36 N–C–L
51 0 49 N–L–C
45 0 55 N–L–C
46 3 51 N–L–C
42 2 56 N–L–C
60 1 39 N–L–C

able 3
EKC conditions and separations for nitrazepam (N), clonazepam (C), a

un Conditions Separation

Column/samplea Potential (kV) Peak order

I 25 N–C–L
I 15 N–C–L
I 15 N–C–L
I 15 N–C–L
II 25 N–C–L
II 25 N–C–L
II 25 N–C–L
II 15 N–C–L
a A column with a total length of 58.5 cm and an effective length of 50 cm is us
ith a total length of 62 cm and an effective length of 53.5 cm is used and sam
- rror function. This fraction of the area is defined as the
art of the peak (Tables 2 and 3). All normalisation scenario
ere tested.

epam (C), and lorazepam (L)

Pure part of N peak Pure part of C peak Pure part of

0.00 0.03 0.03
0.01 1.00 0.03
1.00 0.06 0.14
0.00 0.95 0.00
0.00 0.19 0.00
0.04 0.02 0.00
0.00 0.00 0.00
0.39 1.00 0.64

razepam (L)

Pure part of N peak Pure part of C peak Pure part of

0.11 0.00 0.04
0.21 0.00 0.25
0.22 0.00 0.33
0.14 0.00 0.37
0.14 0.00 0.93
0.20 0.00 0.97
0.20 0.00 0.95
ed and samples containing 62.5 mg/l of each of the benzodiazepines (I), or a column
ples containing 125 mg/l of each of the benzodiazepines (II).
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Fig. 5. Eigenstructure tracking analysis (ETA) plot obtained for the augmented HPLC and MEKC data without normalisation (a), with intensity normalisation only
(b), and with intensity as well as noise normalisation (c).

Correlation between the obtained and the pure spectra of indi-
vidual compounds is used as a criterion to determine whether
normalisation is successful. The use of intensity normalisation
to increase the influence of the MEKC data on the resolution
process is predominantly advantageous in situations where a
compound, which shows strong peak overlap in HPLC, is rea-
sonably well separated in MEKC. For example, lorazepam is
reasonably to very well separated under most MEKC condi-
tions, while it is poorly separated under most HPLC conditions.
As expected, the use of intensity normalisation provides the best
resolution in 82.8% of the cases, while no normalisation is most
successful in only 17.2% of the cases. Furthermore, a combi-
nation of intensity and noise normalisation works much better
(65.6%) than intensity normalisation alone (17.2%). Whether
this is attributable to removal of noise discontinuities or sup-
pression of the HPLC data due to a decreased signal-to-noise
ratio, is unknown. On the other hand, clonazepam is not sepa-
rated well under any MEKC conditions, while it is reasonably
to very well separated under some HPLC conditions. Interest-
ingly, here, no normalisation provides the best results in 68.8%

of the cases, while intensity normalisation alone or in combi-
nation with noise normalisation is most successful in 15.6% of
the cases, each. It should be remarked that for HPLC condi-
tions with a very good separation of clonazepam (e.g. runs 2,
4, and 8) no normalisation scores much better (91.7%), while
for HPLC conditions with a less favourable separation (e.g. run
7) intensity normalisation works better (87.5%). Finally, it is
noticed that intensity normalisation may induce a failure of the
augmented curve resolution algorithm (close to singularity of
the cross product matrix in the linear regression step). This may
be the result of the amplification of certain baseline artefacts
in the MEKC data. Consequently, it is important to weigh the
benefits and drawbacks of normalisation.

4.3. Evaluation of augmented versus non-augmented curve
resolution

First of all, non-augmented curve resolution was applied
to each of the eight HPLC data matrices (Table 2). The
correlation between the resolved and pure spectra was cal-
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Fig. 6. Correlation between the resolved and the pure spectrum of nitrazepam (a), clonazepam (b), and lorazepam (c) as a function of the pure fraction of the
chromatographic peak in HPLC. Separate curves are shown for non-augmented curve resolution (I) and augmented curve resolution (II).

culated and displayed as a function of the pure fraction of
the corresponding chromatographic peak, for each compound
separately (Fig. 6a–c, curve I). To enhance the clearness
of the graphs, an exponential function was fitted through
the points and a logarithmic scale was used for the pure
fraction.

For nitrazepam each of the eight HPLC runs were com-
bined with the fourth MEKC run (Table 3). Combination of
HPLC and MEKC clearly increases the correlation between
pure and resolved spectra for HPLC runs with a pure fraction
of nitrazepam below 0.10 (Fig. 6a, curve II). Subsequently, for
lorazepam all HPLC runs were combined with the eighth MEKC
run (Table 3). Once more, combination of HPLC and MEKC
increases the correlation between pure and resolved spectra
for HPLC runs with a pure fraction of lorazepam below 0.10
(Fig. 6c, curve II). Finally, for clonazepam all HPLC runs were
combined with the third MEKC run (Table 3). Although the com-
bination of HPLC and MEKC increases the correlation between
pure and resolved spectra (Fig. 6b, curve II), the behaviour of
clonazepam is clearly different from that of nitrazepam and
lorazepam.

For nitrazepam and lorazepam the correlation between pure
and resolved spectra decreases for HPLC runs with a pure
fraction below 0.10. Although this effect is observed for non-
augmented as well as augmented curve resolution, it is much
less pronounced for the latter. Conversely, for clonazepam, the
decrease in correlation appears to be similar for non-augmented
and augmented curve resolution. However, for non-augmented
curve resolution the correlation decreases immediately if the
peak is not pure, while this effect is only observed for aug-
mented curve resolution for HPLC runs with a pure fraction
below 0.10. Although the reason for this difference in behaviour
is unknown, it is assumed that the peak order in MEKC plays a
role. Clonazepam is the second peak in all MEKC runs (Table 3).
Consequently, this compound is very poorly separated under all
MEKC conditions. Therefore, combination of HPLC and MEKC
data only has a limited effect on the resolution of clonazepam.

Augmentation of HPLC and MEKC data appears to be partic-
ularly useful when the pure fraction of an HPLC peak is less than
0.10. This seems logical, since curve resolution is not required
for completely separated peaks, and, since non-augmented curve
resolution is usually sufficient for peaks with moderate overlap.
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5. Conclusions

First of all, it has been shown that WET is suitable for the
detection of a wavelength shift between bilinear data matrices,
which are obtained with different detectors of the same type.
Furthermore, the method is also useful for the correction of this
wavelength shift. Finally, the method provides an appropriate
rank estimate as well; the number of eigenvalues that produce a
constant horizontal line in the WET plot seems to reflect the total
number of compounds that are present in these data matrices.
Whether WET works well in the presence of spectral changes –
other than a simple shift – should be subject of future research.

When curve resolution is used on HPLC and MEKC data
separately, negative distortions may be observed in the obtained
chromatographic and electrophoretic profiles in the case of
severe overlap. The simultaneous deconvolution of chromato-
graphic and electrophoretic profiles by means of augmented
curve resolution helps to avoid these artefacts. Furthermore, the
quality of the obtained spectra is significantly improved.

A combination of intensity and noise normalisation may be
useful for compounds that are poorly separated in HPLC and
better separated in MEKC, since it increases the weight of
MEKC versus HPLC. However, since noise normalisation and
its accompanying decrease in signal-to-noise ratio leads to a loss
of information, and, since intensity normalisation may cause a
failure of the augmented curve resolution algorithm, benefits
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