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1 Introduction

CE has become the technique of choice for a wide variety of
analytical applications (e.g. environmental, bioanalytical,
pharmaceutical, food science, etc.) [1]. When developing a
CE method, it is customary to optimize the experimental
conditions, in order to guarantee complete separation of all
sample components [2]. If the latter requirement is not
accomplished, however, the use of chemometrics may
provide a useful resource for accurate analyte quantitation
[3]. Among other alternatives, this is possible if second-order
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Chemometric resolution of fully overlapped
CE peaks: Quantitation of carbamazepine in
human serum in the presence of several
interferences

Drug monitoring in serum samples was performed using second-order data generated by
CE-DAD, processed with a suitable chemometric strategy. Carbamazepine could be
accurately quantitated in the presence of its main metabolite (carbamazepine epoxide),
other therapeutic drugs (lamotrigine, phenobarbital, phenytoin, phenylephrine,
ibuprofen, acetaminophen, theophylline, caffeine, acetyl salicylic acid), and additional
serum endogenous components. The analytical strategy consisted of the following steps:
(i) serum sample clean-up to remove matrix interferences, (i) data pre-processing,
in order to reduce the background and to correct for electrophoretic time shifts, and
(iii) resolution of fully overlapped CE peaks (corresponding to carbamazepine, its
metabolite, lamotrigine and unexpected serum components) by the well-known
multivariate curve resolution-alternating least squares algorithm, which extracts
quantitative information that can be uniquely ascribed to the analyte of interest. The
analyte concentration in serum samples ranged from 2.00 to 8.00 mg/L. Mean recoveries
were 102.6% (s = 7.7) for binary samples, and 94.8% (s = 13.5) for spiked serum samples,
while CV (%) = 4.0 was computed for five replicate, indicative of the acceptable accuracy
and precision of the proposed method.
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data are recorded, for example, using a DAD during the
electrophoretic time evolution. Interestingly, second-order
data may show the intrinsic property of the second-order
advantage [4], which in principle permits analyte quantita-
tion in samples containing unexpected components, i.e.,
compounds not included in the calibration set. This
property allows one to train a predictive model with a
limited number of standards, yet quantitating the analyte in
the presence of potential interferents [5]. In this context, a
small number of applications have been presented in which
partially overlapping peaks were resolved by resorting to
multivariate curve resolution-alternating least squares
(MCR-ALS) [6-9], although other chemometric methodolo-
gies such as artificial neural networks [10] and wavelet
transform [11] were also successfully applied.

Frequently, differences in axial diffusion can originate
dissimilarities in peak shapes, leading to data without the
property of trilinearity, and making necessary the use of
MCR-ALS or alternatives such as PARAFAC2, a variant of
PARAFAC (parallel factor analysis) allowing for distinct
time profiles in each experimental sample [12]. On the
other hand, an important aspect related to the analysis of
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second-order electrophoretic-spectral data is the fact that
analytes, and also potential interferents, may show different
spectra but identical migration rates, for example,
when sample components present similar physico-chemical
properties (e.g. similar pK,s and molecular masses), which
make the separation difficult. Interestingly, the structure of
most second-order algorithms is such that they cannot deal
with total overlapping in the time dimension between the
analyte and the potential interferents. MCR-ALS is an
algorithm that can solve this type of problems by resorting
to the mathematical resource of matrix augmentation.
Although we have applied the latter algorithm in a
different context, i.e., for the resolution of kinetic-spectral
systems in which analytes and interferents present similar
kinetic profiles [13], the results can be extended to the
presently studied systems. Augmentation consists of
constructing a grand data matrix by joining matrices for
different samples, an operation which can be performed in
the directions of: (i) the columns, (ii) the rows, or (iii) both
columns and rows simultaneously. In electrophoretic-spec-
troscopic systems, it is usual to augment matrices in the
time direction, i.e., to place matrices on top of each other
when the rows represent spectra and the column time
profiles, because this alleviates the problems associated with
sample-to-sample differences in this dimension. We have
shown that MCR-ALS is one of the few second-order algo-
rithms, which is able to achieve the second-order advantage,
even in the presence of full overlapping between the profiles
of a given analyte and potential interferents [13]. This result
is of paramount importance for the present work, because
the analytes and some interferences present the same elec-
trophoretic time.

Additionally, CE instrumentation is known to present a
reduced performance in injection precision, mainly owing
to pressure difference, capillary length, capillary diameter,
sample solution and buffer viscosities, solution surface
tension, etc. [8]. The use of internal standards has been
proposed to circumvent this problem [7, 14]. Other issues
arising in CE instrumentation, which call for data pre-
processing, are baseline and time shifts between runs [15].
Different strategies for baseline correction have been
proposed in the literature [15]. We have employed a method
proposed by Eilers, which is the multidimensional extension
of the spline-based approach, a novel algorithm taking
advantage of the special structure of both the data as an
array and the model matrix as a tensor product [16]. In the
case of time shift correction, we have implemented the
evolving routine presented by Fraga et al., which takes into
account the second-order structure of the data [17, 18].

In the present work, we discuss for the first time the
resolution of completely overlapped CE peaks, by processing
CE-DAD second-order data with the MCR-ALS algorithm.
We show that the analysis of carbamazepine (CBZ) can be
carried out in serum samples even when other drugs occur
in the samples. The method is rapid, low-cost, and shows
excellent analytical performance. Several alternatives have
been documented in the literature for the determination of
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the present analyte of interest, most of them using HPLC
and also CE [19-27]. In the latter case, either a surfactant or
a cyclodextrin were added to the BGE. In this report, we
have used the simplest experimental conditions for the CE
analysis of CBZ in the presence of a variety of other drugs
and also serum components. Our purpose is to show that
chemometrics can assist in this analysis, even under
conditions where the electrophoretic resolution of the
analyte and some sample components is not only incom-
plete, but the overlap in the time dimension is almost total.
We feel CE researchers may benefit from the results of the
present model study, learning that second-order CE-DAD
data, measured from complex systems with unresolved CE
peaks and uncalibrated interferents, can still be useful for
successful analyte prediction. This may be helpful in
avoiding complex separations systems that may require long
analysis times.

2 Materials and methods
2.1 Instrumentation

All experiments were carried out on a CE system (Agilent
Technologies, Waldbronn, Germany), equipped with a
DAD. The instrument was operated under positive polarity.
These measurements were done in an uncoated fused-silica
capillary (Microsolv, USA) having 53.5cm total length
(effective length 45 cm), with an inner diameter of 75 um.
The cartridge was maintained at 25.0°C. A constant voltage
of +20kV was applied with typical current of about 90 pA.
Injection was made from the positive cathode of the
capillary by 50 mbar pressure for 10s.

For each electropherogram, spectra were registered in
the range 189-351 nm each 2 nm, at regular steps 0.003 s for
a total time of 5 min. Therefore, matrices of size 616 x 82 per
sample were generated although selected regions were
subsequently employed for multivariate calibration.

With the aim of quantifying CBZ by univariate calibra-
tion, a wavelength of 214 nm was used.

2.2 Electrophoretic conditions

Careful washing of the capillary was essential in order to
obtain reproducible results and to avoid interference due to
the matrix and the analytes interacting with the internal wall
of the capillary.

Thus, at the beginning of every working day the capil-
lary was rinsed with: 0.1 mol/L sodium hydroxide (10 min),
Milli-Q water (10 min), and 0.025mol/L sodium borate
buffer pH 9.20 (10 min), which is the BGE. Between runs
the capillary was flushed successively with 0.1 mol/L
sodium hydroxide, Milli-Q water, and BGE for 3 min
each. At the end of the day the capillary was washed with
0.1 mol/L sodium hydroxide (5 min), Milli-Q water (5 min),
and then with air-dried for 3 min.
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All the solutions were degassed in an ultrasonic bath
and filtered through 0.45 um nylon membrane (Sartorius,
Germany) before use.

2.3 Software

In all cases, electropherograms were recorded in random
order with respect to analyte concentrations, and those
corresponding to the calibration set were recorded in
different days with respect to the test set. Data were saved
in ASCII format, and transferred to a PC Sempron AMD
microcomputer for subsequent manipulation by chemo-
metric programs. MCR-ALS was implemented using the
graphical interface provided by R. Tauler in his web
page (http://www.ub.edu/mcr/welcome.html) [28]. Baseline
correction was done with a MATLAB code written by Eilers
[16]. Time shift correction was applied with a MATLAB code
written according to Ref. [17]. All the applications were run
as MATLAB 7.0 routines (MATLAB 7.0, The Mathworks,
Natick, Massachusetts, 2003).

2.4 Reagents

CBZ (5H-dibenz]b, flazepine-5-carboxamide), its main
metabolite  carbamazepine epoxide  (1a,10b-dihydro-
6H-dibenzo-[b,floxireno[d]azepine-6-carboxamide, CBZ-EP),
phenobarbital (5-ethyl-5-[1-methylbutyl]-2,4,6-trioxohexahydro-
pyrimidine], PHB), phenytoin (5,5-diphenylhydantoin, PHT),
phenylephrine  (3-(1-hydroxy-2-methylamino-ethyl)-phenol,
FEN), ibuprofen (o-methyl-4-[isobutyl] phenylacetic acid,
IBU), acetaminophen (4-acetamidophenol, PAR), theophylline
(1,3-dimethylxanthine, TEO), caffeine (1,3,7-trimethyl-
xanthine, CAF), and acetylsalicylic acid (2-acetoxybenzoic
acid, AAS) were provided by Sigma-Aldrich. Lamotrigine
(6-(2,3-dichlorophenyl)-1,2,4-triazine-3,5-diamine, LAMO) was
provided by Quimica Alkano S.A. (México). Sodium borate,
sodium phosphate, sodium hydroxide, dichloromethane, and
methanol were analytical grade. Milli-Q quality water was
used in all the CE experiments.

Stock solutions were prepared in the following solvents:
CBZ, CBZ-EP, and LAMO in methanol; FEN, PHB, PHT,
PAR, AAS, CAF, and TEO in water and IBU in ethanol, at
concentrations of 2 g/L, and stored in the darkness at —4°C.
Standard working solutions of all analytes were prepared
everyday by dilution of the stock solutions in BGE.

2.5 Extraction procedure

A given serum sample (500 uL) was transferred to a round
bottom polypropylene tube, and the analytes were extracted
with three successive aliquots of 1.00mL of dichloro-
methane. The tube was capped, then shaken by vortex and
afterwards centrifuged at 4000 rpm during 5 min. The lower
organic layer was transferred to a clean tube and evaporated
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to dryness at 45°C in a hot plate. The whole operation takes
ca. 20 min, which is significantly less than the time required
for other extraction procedures reported in the literature
[19-27].

Finally, the residue was redissolved in 500 uL of BGE
and filtered through a syringe filter of 0.45 pm pore size
prior to injection into the CE instrument.

2.6 Calibration and validation sets

For calibration, a set of 21 standard samples was prepared
by dilution of known amounts of CBZ stock solution in
BGE. Seven concentration levels in the range from 1.00 to
15.00 mg/L were prepared in triplicate and were analyzed by
the CE system. This range included the average therapeutic
serum concentration of CBZ reported in the literature (from
4.00 to 12.00 mg/L) [29].

For computing figures of merit under univariate cali-
bration, peak areas of CBZ were plotted against the nominal
concentrations (expressed in mg/L) and the line was fitted
by a least-squares method. The values of LOQ and LOD
were calculated according to IUPAC recommendations [30].

Several test samples containing mixtures of CBZ and
CBZ-EP at concentration levels different than those for
calibration were prepared by dilution of standard working
solutions in BGE (B1-B5, see Table 1).

In addition, 15-spiked serum test samples were
prepared by adding known amounts of CBZ and CBZ-EP

Table 1. Composition of the test samples

Samplea’ CBZ (mg/L) CBZ-EP (mg/L) LAMO (mg/L)
B1 250 2.50 -

B2 2.98 5.99 -

B3 397 7.99 -

B4 6.99 2.00 -

B5 7.50 7.38 -
SA1 3.02 5.99 -
SA2 3.02 7.03 -
SA3 397 2.00 -
SA4 397 7.99 -
SA5 6.03 5.99 -
SB1 2.00 8.00 -
SB2 3.00 5.00 -
SB3 4.00 6.00 -
SB4 6.00 4.00 -
SB5 8.00 2.00 -
SC1 4.96 4.99 5.66
SC2 4.96 4.99 7.55
SC3 4.96 499 9.44
SC4 4.96 4.99 11.33
SC5 4.96 499 13.21

a) The first capital letter corresponds to the type of matrix in
which each sample was prepared: B, BGE; S, serum. The
second capital letter identifies other components present
in each sample: A, CBZ-EP; B, CBZ-EP and serum
unexpected components; C, CBZ-EP and LAMO.
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standard solutions to blank sera, obtained from healthy
patients who are not under anti-epileptic treatment
(SA1-SA5, SB1-SB5, and SC1-SC5), five of them with the
addition of known concentrations of LAMO (SC1-SCS5, see
Table 1). The resulting mixtures were subjected to the
extraction procedure. Several spiked serum samples
containing the same concentration of CBZ were used to
evaluate precision.

On the other hand, accuracy was evaluated by means of
recovery assays. Known amounts of CBZ standard solutions
were added to 500 pL of a healthy patient serum sample in
order to reach concentrations of 2.00, 4.00, 6.00, and
8.00 mg/L. These mixtures were subjected to the extraction
procedure and then analyzed in the CE system.

An additional sample was prepared for use in an
interferent study. It consisted of a serum sample, which was
spiked with the following drugs: (i) CBZ and CBZ-EP
(5.00mg/L), (i) FEN (20.00 mg/L), and (iii) LAMO, PAR,
IBU, PHT, PHB, TEO, CAF, and AAS (10.00 mg/L).

3 Theory
3.1 Baseline correction

The implementation of a properly pre-processing step
should be considered of an extreme importance, in order
to guarantee the quality of instrumental signals. This fact
determines the quality of the final results of the electro-
phoretic analysis. As with any other instrumental signal,
electropherograms are composed of three major compo-
nents: signal, noise, and background, which differ in their
frequency. Consequently, eliminating noise and background
components may result in a signal enhancement [15].

Moreover, elimination of the electropherogram baseline
is a critical step for reducing the number and complexity
of the unexpected components. With this aim, we applied the
methodology proposed by Eilers, i.e. the asymmetric least-
squares method [31], which was recently adapted to multi-
dimensional data [16]. This method consists in the estimation
of the background matrix from the matrix data, using spline
basis matrices along their columns and rows [32].

3.2 Peak shift correction

The methodology proposed by Prazen and coworkers [18]
was employed, which takes into account the second-order
structure of the data. The algorithm is based on the singular
value decomposition (SVD) of an N/M matrix joining the
data matrices N and M, where N is taken as reference and M
is to be corrected in relation to N:

(U,S,V) = SVD(N/M) (1)

In Eq. (1), S is a diagonal matrix containing the singular
values, U and V are matrices containing the left and right
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singular vectors of N/M, respectively. The correction is done
by computing the residual variance (RES) while the matrix
M is moved in relation to N, using a pre-established number
of points that can be estimated by the inspection of the
electropherograms of N and M.
el K

RES = 100 =
S g U - A)K=4)

(2)

where A is the number of significant singular values, ideally
equal to the number of species presents in N/M, and J and K
are the number of digitized warelengths and the number of
migration times, respectively. When the matrices N and M
are aligned, the RES values should reach a minimum.

3.3 MCR-ALS

As was previously mentioned, this method is capable of
dealing with data sets deviating from trilinearity. Instead of
forming a three-dimensional data array, the latter is unfolded
along the mode that is suspected of breaking the trilinear
structure, i.e. if a matrix-to-matrix variation of profiles occurs
along the column direction, a column-wise augmented matrix
is created. The bilinear decomposition of the augmented
matrix D is performed according to the expression:

D=CxS"+E (3)

where the rows of D contain the absorption spectra measured
as a function of time, the columns of C contain the time
profiles of the compounds involved in the process, the
columns of S their related spectra, and E is a matrix of
residuals not fitted by the model. Appropriate dimensions of
D, C S, and E are thus (14+I)K x J, (1+ 1)K, J x K and
(14 I)K x J, respectively (I = number of training samples).
Decomposition of D is achieved by iterative least-squares
minimization of ||E|| under suitable constraining conditions,
i.e. nonnegativity in spectral profiles, unimodality and
nonnegativity in concentration profiles.

The pure spectra of the compounds should be the same
in all experiments, but the profiles in the different C sub-
matrices need not share a common shape. This is the reason
why electrophoretic runs, which are affected by the
previously mentioned instrumental pitfall and also kinetic
experiments performed in different conditions (e.g. pH,
temperature, etc.) and, hence, showing different kinetic
profiles, can be analyzed together as long as the spectra of
the compounds involved in the process remain invariant
(absorption spectra usually show a limited temperature
dependence).

In the present context, it is necessary to point out that
MCR-ALS requires initialization with system parameters as
close as possible to the final results. In the column-wise
augmentation mode, the species spectra are required, as
obtained from either pure analyte standards or from the
analysis of the purest spectra based on the so-called
SIMPLISMA (simple interactive self-modeling mixture
analysis) methodology [33], an MCR algorithm, which
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extracts pure component spectra from a series of spectra of
mixtures of varying composition. In the case of truly
unknown samples with possible interferents, we have found
that successful application of MCR-ALS to our case required
the combination of both of the above procedures, i.e., known
spectra for pure analytes and purest spectral analysis for the
interferent.

Finally, successful MCR is also aided by the inclusion of
information about the correspondence among species in
each matrix (i.e., information as to whether a given
component exists or not in a given sample) [36].

4 Results and discussion
4.1 Electrophoretic analysis

Several authors have reported the successful separation of
CBZ and CBZ-EP in serum samples by HPLC [19-22] and
also by MECK [23-27]. They have made great efforts
to achieve not only the mutual separation of both
analytes, but also their distinction from other anti-epileptic
drugs. Most of these works required rather long analysis
times (ca. 15-20 min).

In the present work, in order to find the best conditions
leading to a correct peak shape for CBZ in a minimum
analysis time, a screening phase was carried out. The
capabilities of six BGE were evaluated: sodium borate
pH 9.20 and sodium phosphate pH 4.2, at three concentra-
tion levels: 0.01, 0.02, and 0.03 mol/L. The evaluation
consisted in analyzing a standard working solution of CBZ
(5.00 mg/L) diluted in water, methanol, and BGE.

According to the results from the screening phase, a
sodium borate buffer 0.025 mol/L (pH 9.20) was selected
due to the provision of: (i) satisfactory peak shape for CBZ
(without appreciable deformations), (ii) minimization
of the analysis time, reaching migration times of 3.50 min,
and (i) minimization of the baseline noise. Eighteen
electropherograms were obtained combining the different
variables being analyzed, and their visual inspection
allowed us to select the most convenient experimental
conditions. Standard working solutions and serum sample
extracts were diluted in BGE because it provides larger
peak areas.

4.1.1 Univariate calibration and figures of merit

In order to verify the method linearity within a concentra-
tion range from 1.00 to 15.00 mg/L of CBZ, a least-squares
fitting was performed with the obtained data (peak areas
versus concentrations), and the results are presented in
Table 2. The performed ANOVA test of lack of fit allows one
to conclude that linearity is fulfilled within the studied
range.

The LOD (0.9 mg/L) and the LOQ (2.8 mg/L) obtained
in this work are low enough to determine and quantitate
therapeutic concentrations of CBZ in patients treated with
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Table 2. Univariate figures of merit for the linearity assay

Computed parameters

r-Squared 0.9946
Intercept® 0(2)
Slope? 13.1 (0.2)
p-Value (lack of fit)®) 0.522
LOD (mg/L) 0.9

L0Q (mg/L) 28

a) Values between parentheses are standard deviations.
b) Considered significant when p<0.05.

Table 3. Extraction yield for spiked serum samples

Sample CBZ spiked to blank serum (mg/L) Recovery (%)
1 2.00 98.7
2 4.00 103.2
3 6.00 99.2
4 8.00 101.5
Mean recovery (%) — 100.6

doses from 200 to 1200 mg of CBZ, which are known to give
rise to CBZ serum levels in the 4.00-12.00 mg/L range. The
LOD was obtained using the IUPAC’s recommended
procedure based on false positive and false negative prob-
abilities (both 0.05), as described in Ref. [34].

On the other hand, the absolute recovery was evaluated
on blank serum samples spiked with four different concen-
trations of CBZ (see Section 2). The analyte concentrations in
spiked samples were obtained by interpolation on the corre-
sponding calibration curve, and then compared with the
theoretical amount added. The average recovery value of
100.6% given in Table 3 is indicative of the high accuracy
obtained in the four concentration levels studied considering
the requirements for bioanalytical assays [35].

4.2 Baseline and time shift correction

With the object of simplifying the analysis, both background
elimination and time shift correction were performed on the
second-order electrophoretic-spectral data. Both data pre-
processing procedures were implemented by using algo-
rithms that were previously adapted by their authors to
multidimensional data [16, 18].

For obtaining the F background correction matrix, ten
spline basis function were used, with a single regularization
parameter, whose value was 1. Figure 1A shows the land-
scape corresponding to a serum sample (SC1 in Table 1)
that was spiked with CBZ, CBZ-EP, and LAMO. As can be
seen in this figure, there is a single peak in the time domain,
indicating the complete overlapping of the three substances.
Figure 1B shows the corresponding background matrix (F).
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A different scale was used in order to show the variation
of the baseline at different wavelengths. Notably, the
electrophoretic baseline increases with wavelength until a
maximum at ca. 300 nm is reached. This fact justifies using
a second-order background correction algorithm. Subtrac-
tion of this matrix allowed us to obtain a corrected data
matrix, which was subsequently submitted to time shift
correction. Finally, Fig. 1C shows the original electro-
pherogram plotted at 250 nm, and the corresponding base-
line and corrected electropherogram.

The need of time shift correction can be appreciated in
Fig. 2A, where the electropherograms recorded at 250 nm
for five CBZ standards and one serum spiked sample (the
same which was selected for illustrating the background
correction) are plotted. The time shift is evident, and
although MCR is able to deal with non-synchronized data,
subsequent analysis showed that correction improves the
results. As previously mentioned, correction of a matrix M
(solid lines in Fig. 2A), taking a matrix N as a reference
(plotted as short dotted lines), consisted in performing SVD
to the joint N/M data matrix. The number of necessary
components ranged between 2 and 3, depending on the
matrix being analyzed. Also, the window was varied in order
to optimize the application. As an example, Fig. 2B shows
the RES(%) variation (see Eq. 2) when the studied matrix is
shifted with respect to the reference matrix. The most
remote peak needed a window correction of 39 time points
to reach a minimum. Finally, Fig. 2C shows electro-
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Figure 1. (A) Landscape corresponding to a serum sample
(SC1) that was spiked with CBZ (4.96 mg/L), CBZ-EP (4.99 mg/
L), and LAMO (5.66 mg/L). (B) Background matrix corre-
sponding to the landscape of (A). (C) Solid line: electropher-
ogram corresponding to a serum sample (SC1); dashed
dotted line: its corresponding background; dashed line:
corrected electropherogram (all recorded at 250 nm).

pherograms recorded at 250 nm for all the six aligned peaks,
with respect to the reference. It is interesting to note that
although peaks look approximately aligned, the loss in
trilinearity is evident, because the shapes of the individual
bands are all different, making it necessary the application
of the MCR algorithm.

4.3 MCR-ALS application to mixtures in BGE and to
spiked serum samples

Figure 3A shows a complete electropherogram of a BGE
sample having not only CBZ and its main metabolite CBZ-
EP, but also other anti-epileptic drugs such as PHT, PHB,
and LAMO, which are likely to be co-administered with
CBZ, as well as a variety of other commonly used
pharmaceuticals: FEN, PAR, TEO, IBU, CAF, and AAS.
As can be seen, the electrophoretic separation is not
complete, yielding the overlapping of CBZ, CBZ-EP, CAF,
and LAMO (peak 2) and both TEO and IBU (peak 5).
Furthermore, the extraction procedure applied to the sample
recovers three of the four analytes included in peak
2 (CBZ, CBZ-EP, and LAMO), making impossible the
determination of CBZ by univariate calibration (see Fig. 3B).
Although several other analytes were also extracted, they
were not included in the experiments since they are
not potential interferences, due to a complete separation
from CBZ.
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Figure 2. (A) Electropherograms recorded at 250 nm for five CBZ
standards and one spiked serum sample (SC1). (B) RES (%)
variation (see Eq. 2) when the studied matrix is shifted with
respect to the reference matrix. (C) Shift corrected electropher-
ograms recorded at 250 nm.
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4.3.1 Exploratory rank analysis of the data sets

In MCR-ALS, the performance of the resolution strongly
depends on the knowledge of the global and local properties
of the data set, particularly on those related to the
mathematical and chemical rank [36]. In practice, a data
matrix is considered full rank if the estimated rank is equal
to the number of absorbing chemical species, assuming that
this number is known [36].

The first step in the application of MCR is the deter-
mination of the correct number of compounds in the
studied matrix, using, for instance, the SVD technique [37].
In the present case, when single data matrices containing
three chemical species having almost identical electro-
phoretic times (CBZ, CBZ-EP, and LAMO) were analyzed,
SVD was not capable of detecting the right number of
contributing components, which explain the variance of the
system, due to their identical time profiles, leading to rank-
deficient matrices. Although some selectivity exists in the
spectral domain, the almost identical time profiles lead to
the existence of a single significant principal component for
this system.

To overcome the above-discussed rank-deficiency
problem, matrix augmentation can be applied. This is a
simple and smart way of breaking rank-deficiencies and thus
facilitating resolution [38]. The strategy employed in this work
was to augment the rank-deficient matrix under scrutiny with
matrices for pure analyte standards, and then estimate the
rank of the augmented matrix by SVD. A typical case is
presented in Table 4 for sample SC3. The application of SVD
to the individual serum sample matrix SC3 containing CBZ,
CBZ-EP, and LAMO (Table 1) does only detect a single
significant singular value instead of 3, which is the actual
number of chemical components in the sample (first entry in
Table 4). Only when the matrix is augmented by adding
information on the analyte, CBZ-EP, and LAMO standards,
application of SVD to the augmented matrix was capable of
correctly estimating the rank, i.e., 3 (last entry in Table 4).
Furthermore, this approach helped us to detect the presence
of unexpected components in some of the serum samples
(i, the SB set, see Table 1). Since the studied serum
samples were all different, some of them carry components
that do show during MCR analysis, while others did not
produce significant interference.

4.3.2 Multivariate calibration results

Before the resolution by MCR-ALS, baseline and time shift
correction was applied to all data matrices, except to the SB
set, which contains CBZ and CBZ-EP. As can be seen in
Fig. 4, the electropherogram of an SB sample contains a
broad peak corresponding to serum components eluting
together with both CBZ and CBZ-EP. This fact allowed us to
only apply background correction, making it impossible the
alignment of peak 2. To perform the MCR quantitation
taking advantage of its capability to handle non-trilinear
data, appropriate time regions were selected for SB samples,
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according to the position of the peak of interest in each of
the electropherograms corresponding to each of the
matrices involved in the augmented data matrix.

Each of the test samples was analyzed as follows. The
spectral-time matrix for a given test sample was augmented
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Figure 3. (A) Electropherogram (recorded at 250 nm) of a spiked
BGE sample in which peak is assigned to: (1) FEN (20.00 mg/L);
(2) CBZ, CBZ-EP (5.00 mg/L), CAF, and LAMO (10.00 mg/L); (3)
PAR (10.00 mg/L); (4) PHT (10.00mg/L); (5) IBU and TEO
(10.00 mg/L); (6) PHB (10.00 mg/L); (7) AAS (10.00 mg/L). (B)
Electropherogram (recorded at 250 nm) of the same spiked BGE
sample after the extraction procedure: (1) CBZ, CBZ-EP, and
LAMO; (2) PHT; (3) IBU and TEO; (4) PHB.
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with the 21 matrices recorded for the calibration samples
(only containing the analyte CBZ). An additional matrix,
recorded for a standard of CBZ-EP was joined with the
augmented matrix in all cases. Finally, in the case of all SC
serum samples, a matrix recorded for a standard of LAMO
was added. The CBZ-EP and LAMO matrices were added in
order to provide sufficient information to MCR for the
successful resolution of the sample components. Table 5
presents the results obtained for CBZ when the test samples
were analyzed. It may be noticed that SVD analysis detected
two components for sets B and SA, i.e., one for CBZ and the
other one for CBZ-EP, whereas an additional component was
required for sets SB and SC, corresponding to an unexpected
serum component and LAMO, respectively. For the set of
samples B, SA, and SC, which contain CBZ and CBZ-EP (and
also LAMO in the latter case), the initial estimates were built
by resorting to the pure standard spectra for each analyte.
Those for the SB set also included an unexpected component
profile obtained by the application of SIMPLISMA [38] to an
SB sample. The constraints imposed during the ALS proce-
dure were non-negativity in both concentration profiles and
spectra, unimodality in concentration profiles, and species
correspondence (see Section 3).

12

Absorbance / mAU
{2}

0 T T T T T
30 35 4.0 4.5 50 55

Time / min

Figure 4. Electropherogram (recorded at 250 nm) corresponding
to an SB serum sample containing CBZ and CBZ-EP overlapped
in peak 2, and unexpected components in peaks 1 and 3.

Table 4. Estimated rank computed from singular value decomposition of the individual and augmented data sets

Augmented matrix? Known chemical rank

SVD estimated rank in the augmented matrix

Condition

[SC3]
[SC3;C]
[SC3;E;C]
[SC3;L;C]
[SC3E;L,C]

W wwww

W NN N =

Rank-deficient
Rank-deficient
Rank-deficient
Rank-deficient
Full-rank

a) The nomenclature [X3,X5, ..., Xyl implies that an augmented D matrix (see Eq. 3) is created by placing matrices Xj, Xa,...,Xyon
top of each other. It is assumed that the column direction is the electrophoretic time, while the row direction is the spectral
wavelength. SC3 is a serum sample matrix containing CBZ, CBZ-EP, and LAMO (see Table 1), while C, E, and L are pure

standard matrices of CBZ, CBZ-EP, and LAMO, respectively.
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Figures 5A-D and 6A-C show the time and spectral
profiles corresponding to the three components found by
MCR-ALS analysis for an SC sample. As can be seen,
overlapping of profiles in both dimensions is severe;
however, MCR-ALS is able to correctly decompose the data
into the relevant contributions. This allows for isolation of
the signal, which can be ascribed to the analyte in each
studied test sample, and therefore for accurate analyte

Table 5. Test concentrations and MCR-ALS prediction results

Samplea) CBZ concentration (mg/L) Recovery (%)
Nominal Predicted
B1 250 242 96.8
B2 2.98 2.81 94.3
B3 3.97 4.47 112.6
B4 6.99 7.07 101.1
B5 7.50 8.13 108.4
SA1 3.02 2.30 76.2
SA2 3.02 2.91 96.4
SA3 3.97 3.58 90.2
SA4 3.97 423 106.5
SA5 6.03 3.86 64.0
SB1 2.00 1.92 95.8
SB2 3.00 244 814
SB3 4.00 442 110.4
SB4 6.00 5.52 92.0
SB5 8.00 9.15 114.4
SC1 4.96 471 95.0
SC2 4.96 4.98 100.4
SC3 4.96 464 935
SC4 4.96 453 91.3
SC5 4.96 453 91.3

a) The first capital letter corresponds to the type of matrix in
which each sample was prepared: B, BGE; S, serum.
The second capital letter identifies other components
present in each sample: A, CBZ-EP; B, CBZ-EP and serum
unexpected component; C, CBZ-EP and LAMO.
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quantitation. In addition, Fig. 6A-C shows the comparison
between the spectral profiles retrieved by MCR-ALS analysis
and those experimentally recorded for standards of CBZ,
CBZ-EP, and LAMO. As can be seen, reasonably good
agreement is found between the spectra corresponding to
the analyte and interferences (correlation coefficients equal
to 0.9857, 0.9843, and 0.9971, respectively). There exists
high similarity between the spectra for CBZ-EP and LAMO,
a fact that could explain the problems found when esti-
mating the matrix ranks for the systems containing these
three substances.

The prediction results are very good and are included in
the acceptable range suggested by the ICH [35]. Further-
more, those given for the SC set, which is composed of five
samples having the same CBZ concentration, show not only
excellent recoveries but also a very good reproducibility
owing to the low coefficient of variation achieved, i..,
CV(%) = 4.0%.

5 Concluding remarks

Second-order data, generated by recording spectra during the
electrophoretic time evolution of fully overlapped CE peaks,
can be successfully handled to assess the content of CBZ in
human serum, even in the presence of several interferences.
This can be done using a strategy that includes data pre-
treatment for time shift and background correction, and data
modeling with the MCR-ALS algorithm. Most of the previous
literature reports on the subject required rather long analysis
times (ca. 15-20 min), while in the present report accurate
results can be achieved in only 5 min.
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Figure 5. Time profiles retrieved by MCR-ALS when processing an SC sample, corresponding to: (A) matrix SC, the three found
components; (B) matrix CBZ-EP standard (5.00 mg/L); (C) matrix LAMO standard (5.00 mg/L); (D) matrix CBZ standard (5.00 mg/L).
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Figure 6. Comparison of spectral profiles retrieved by MCR-ALS
when processing the SC sample analyzed in Fig. 5. In all the
three cases, pure standard spectra are presented as dashed
lines, whereas the extracted profiles are shown as solid lines:
(A) CBZ; (B) CBZ-EP; (C) LAMO.
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