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Abstract

In the present study, a comprehensive and systematic strategy was described to evaluate 
the performance of several three-way calibration methods on a bio-analytical problem. Parallel 
factor analysis (PARAFAC), alternating trilinear decomposition (ATLD), self-weighted 
alternating trilinear decomposition (SWATLD), alternating penalty trilinear decomposition 
(APTLD), and unfolded partial least squares combined with the residual bilinearization 
procedure (U-PLS/RBL) were applied on high performance liquid chromatography with 
photodiode-array detection (HPLC-DAD) data to quantify carbamazepine (CBZ) in different 
serum samples. Using the proposed approach, successfully quantification of CBZ in human 
plasma, even in the presence of diverse uncalibrated serious interfering components was 
achieved. Moreover, the accuracy and precision of each algorithm for analyzing CBZ in serum 
samples were compared using root mean square error of prediction (RMSEP), the recovery 
values and figures of merits and reproducibility of the analysis. Satisfying recovery values for 
the analyte of interest were obtained by HPLC-DAD on a Bonus-RP column using an isocratic 
mode of elution with acetonitrile/K2HPO4 (pH = 7.5) buffer solution (45:55) coupled with 
second-order calibrations. Decreas of the analysis time and less solvent consumption are some 
of the pluses of this method. The analysis of real samples showed that the modeling of complex 
chromatographic profiles containing CBZ as the target drug using any of the mentioned 
algorithms can be potentially benefit drug monitoring in therapeutic research. 

Keywords: Carbamazepine; High-performance liquid chromatography; Multi-way 
algorithms; Serum.

Copyright © 2017 by School of Pharmacy
Shaheed Beheshti University of Medical Sciences and Health Services

Iranian Journal of Pharmaceutical Research (2017), 16 (1): 120-131
Received: Mar 2015	
Accepted: Nov 2015

* Corresponding author:
   E-mail: vosough@ccerci.ac.ir

Introduction

Carbamazepine (5-H-dibenzo (b,f) azepine-
5-carboximide) is an antiepileptic drug which 
is used for treatment of epilepsy and mental 
disorders (1). This drug has numerous effects on 
the environment and human. Hence, evaluating 

the side effects of this medicine is very important 
and vital (2-3). Despite of the reported properties 
of this medicine, there are some analgesic effects 
concerning carbamazepine prescription (4). Due 
to different therapeutic index of carbamazepine 
in human serum, measuring low concentrations 
of carbamazepine will be useful for clinical 
purposes and pharmacokinetic studies (5). 

Qualitative and quantitative analysis of 
trace amounts of pharmaceuticals in biological 



samples, with sufficient accuracy and precision 
has been a challenging task for analytical 
purposes, and several analytical methods have 
been proposed for detecting and quantifying 
pharmaceuticals in biologic samples. In optimal 
condition, the extraction processes are not 
selective, therefore; the sample interferences 
must be removed. In addition, there are various 
fundamental challenges with chromatographic 
data such as the presence of noise, background 
effect, the contribution of the displacement 
of the retention times and also peak overlaps, 
which have significant effects on qualitative and 
quantitative results (6). Isolation of confounding 
species is a costly and time consuming process. 
In addition, green chemistry and less use of 
organic solvents were important to lead the study 
(7-8). Multivariate resolution methods have 
been presented in recent decades for the solution 
of the basic problems that occur in the analysis 
of complex mixtures in chromatography (9-
13). These methods have the second-advantage 
property, which brings about to determine the 
analyte in the presence of interfering species (14). 
Most of the chromatographic data doesn’t follow 
the trilinear structure. In addition, deviation from 
linearity may result in changes in the retention 
time and the shape of the chromatographic 
peaks. Consequently, correction of the retention 
times shifts for the former problem and using a 
standard addition methodology for the second 
problem are necessary before applying the 
trilinear methods (14). Generally, there are two 
ways to deal with non-trilinearity: the first way 
is modeling the data arrays with PARAFAC2 
(15), U-PLS/RBL (16) and multivariate curve 
resolution–alternating least squares (MCR-
ALS) (17) methods, so there is no need to correct 
the displacement in retention time. Applying 
alignment algorithms as a pre-processing step 
for the chromatographic peaks and taking the 
advantages of the trilinear algorithms, such as 
PARAFAC, ATLD, SWATLD, APTLD is the 
second way to resolve the mentioned problem. 
Among the various trilinear decomposition 
methods, PARAFAC has been frequently taken 
into consideration, this close attention results 
from the unique response of this method (18-
21) Indeed, PARAFAC emphasizes on fitting 
the basic data and acceptable results will be 

observed only when the true number of species 
is estimated (22-23). On the other hand, if there 
is higher estimation, aberrant and invalid results 
will be obtained (24-26). ATLD, SWATLD, and 
APTLD methods can model the data arrays with 
a fast convergence speed and the advantage of 
being insensitive to component number. On the 
other hand, it was found that baseline elimination 
is a fundamental pre-treatment step to decrease 
the data complexity and detect unknown species 
in the samples (27). Totally, it has been shown 
that retention time shift correction together 
with baseline subtraction steps improves the 
performance of second order algorithms (28-31). 

The final algorithm is based on the 
combination of residual bilinearization and 
bilinear least square (BLLS/RBL) (32-33) 
or U-PLS/PBL (34). Arguably, MCR/ALS 
method (35-36) which has the second-order 
advantage is a repetitive method to resolve 
the three-dimensional data. In this research 
topic, few papers have compared second-
order calibration algorithms (37-40) or have 
reviewed these algorithms (41-42). In a recent 
study, the authors used MCR/ALS method for 
simultaneous determination of carbamazepine 
and phenobarbital in human serum samples in 
a fast way (43). In fact, acceptable analytical 
results through MCR/ALS modeling necessitate 
providing good initial estimates of profiles. On 
the other hand, one should be aware of probable 
range of feasible solution because of rotational 
ambiguity (disadvantage of MCR/ALS) and 
evaluate the retrieved profiles for confirming 
their uniqueness (36).

Hence, in this study, a comprehensive study 
was performed for quantitative measuring of 
carbamazepine in human serum samples with 
the emphasis on comparing the performance of 
three-way techniques such as PARAFAC, ATLD, 
SWATLD, APTLD, and U-PLS/RBL. In order to 
evaluate the real specimens, serum samples of 
21 morphine addicted patients who had received 
carbamazepine before the surgery were collected 
and analyzed with mentioned methods. 

Experimental

Materials
Carbamazepine (purity higher than 98%) 
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was obtained from pharmaceutical company 
Daroopakhsh (Tehran, Iran). HPLC-grade 
methanol (MeOH), acetonitrile (ACN) and 
ethyl acetate (EA) were from Merck (Germany). 
Human serum was obtained from Taleghani 
Medical Centre (Tehran, Iran) and stored at 
−20 ◦C in the refrigerator. Morphine-dependent 
serum samples which were received from 
faculty of medicine, Shahid Beheshti University 
of medical sciences, were taken from 21 patients 
with three groups of patients who had received 
carbamazepine before surgery. The samples 
were collected before surgery, 2 h and 12 h 
after surgery, respectively. Phosphoric acid, di-
potassium hydrogen phosphate, and sodium 
hydroxide were of analytical grade from Merck. 
Nylon membranes filters with the pore size of 
0.22 µM (Varian, USA) were used for filtering 
solvents, calibration and real samples before 
HPLC analysis.Stock solution of CBZ (200 µg 
mL-1) was prepared by accurately weighting 
the required amounts of the compound, and 
dissolving in methanol and storing at -4 °C in 
dark glass vials. This solution was stable for at 
least a month. Standard working mixtures, at 
different concentrations, were prepared daily by 
appropriate dilution of the stock solution with 
mobile phase. 

Equipment
A 320R centrifuge with cooling system 

(Hettich, Germany) and a Sonorex Digital 10 
P ultrasonic bath (Germany) were used. HPLC 
was performed using an  Agilent 1200 Series 
system equipped (Agilent Technologies Inc., 
USA), composed of a Rheodyne 7725 manual 
injector, a degasser, a quaternary pump, a column 
oven compartment, and a Hewlett-Packard 
1200 series photo diode-array detector (DAD). 
Agilent Chemstation software (version B.03.01) 
was used for data processing and acquisition. 
The column oven temperature was set at 25 ºC 
and chromatographic separation was carried out 
on a Bonus-RP column (15 cm × 0.46 cm, 5 µM 
particle size, Agilent). 

Chromatographic conditions
The chromatography was performed by 

applying an isocratic mobile mode, consisting 
acetonitrile (45%, v/v) and 0.005 mol L-1 

K2HPO4 (pH = 7.5) buffer solution (55%, v/v). 
The mobile phase flow rate was 1.0 mL min-1 and 
the injection volume was 20 μL. DAD detector 
was set to record between 210-400 nm with the 
spectral resolution of 1.5 nm and integration 
period of 0.4 s per spectrum. Total run time was 
less than 5 min. 

Data which was collected by Chemstation 
software (B.03.01), exported as Microsoft Excel® 
file for further processing. All calculations 
were done using MATLAB (version 7.2.0.232 
R2006a, The Mathworks, Natick, MA), using 
the MVC2 routine, a structured MATLAB 
toolbox for second-order calibration developed 
by Olivieri (44).

Sample handling and extraction procedure
Five hundred microliters of serum samples 

were mixed with 500 µL of 0.1 M NaOH and 3 
mL of ethyl acetate. The mixture was vortexed 
for 30 s and then centrifuged at 4000 rpm for 10 
min. The supernant was transferred into a clean 
tube and 1 mL of ethyl acetate was added to the 
sample and was centrifuged again for 5 min. 
The combined organic layers were evaporated 
to dryness under a stream of nitrogen. Finally, 
the residue was dissolved in 500 µL of mobile 
phase in ultrasonic bath and filtered through a 
0.22 µM PTFE syringe filter and an aliquot of 20 
µL etwas injected into the HPLC system. 

  
Calibration and prediction samples
The concentration levels for calibration 

samples of CBZ correspond to values in rang 
of 0.1-9.1 µg mL-1, according to the recent 
publication (43). A set of five samples of CBZ 
was prepared in pure solvent and was used as 
the calibration set. Then, a set of thirteen blank 
serum samples from two different pools were 
spiked with suitable amounts of standard CBZ 
and treated as explained in previous section. 
The concentration levels of the drug (0-8.15 
µg mL-1) were selected considering the levels 
usually found in serum of different patients for 
therapeutic drug monitoring purposes. 

Results and discussion

General considerations
In the present work, a simple mobile phase 
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of acetonitrile-0.005 mol L-1 K2HPO4 (pH = 
7.5) buffer solution (45:55, v/v) was selected 
(45). With this mobile phase composition, the 
retention time of CBZ was 2.97 min. Figure 1. 
shows the chromatographic profiles recorded 
at multiple wavelengths for one of the spiked 
serum samples (S5). As can be seen, in addition 
to a baseline offset, there is apparently coelution 
problem in this sample, which confirms the 
appearance of interfering components from the 
biological sample. So, the studied information 
space is not analyte specific. In these cases, 
the analyte of interest can be quantified 
through univariate calibration by changing the 
experimental conditions, optimization of mobile 
phase condition to longer run times. However, 
these involve spending time and resources and 
strongly depend on the sample matrix. One of the 
most important points in this respect is the fact 
that changing the experimental or instrumental 
will not generate any guarantee to ensure that the 
separation of the future samples will be complete. 
Second-order calibration methods which model 
three-way data are today useful alternatives to 
deal with this challenging chromatographic data 
by exploiting second-order advantage. 

For the present problem at hand, a suitable 
subset of each data matrix in each way of 
measurement was selected. This contains the 

chromatographic region of 2.59-3.15 min and the 
spectral region of 225-370 nm. The constructed 
three-way data arrays was supposed to be 
analyzed with the aid of the trilinear algorithms 
of PARAFAC, ATLD, SWATLD and APTLD 
and also the latent variable based algorithm of 
U-PLS/RBL. 

On the other hand, due to the retention 
time shift between the calibration and serum 
samples and consequence invalid results, some 
preprocessing such as chromatographic alignment 
of all data matrices with a reference matrix is 
necessary before applying trilinear algorithms. 
Several retention time shift correction methods 
have been proposed in the literature (46-48). In 
the present study, multivariate rank alignment 
method proposed by Prazen (46) was applied. 
An example of retention time shift correction 
can be appreciated from Figures 2(A) and (B). 

In addition, the necessary of retention time 
shift correction, the presence of background drift 
which was different for different serum samples 
needed the attention. In the current study, the 
complexity of the real sample data was reduced 
as a separate step by background elimination for 
two-dimensional signals based on asymmetric 
least squares splines regression approach (49). 
Furthermore, determination of appropriate 
number of responsive components is essential. 

Figure 1. Chromatographic profiles, each at a single wavelength (225-370 nm), for a typical spiked serum sample with 2.35 µg L-1 of 
CBZ. The analyte of interest are indicated.
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In this study, the optimum number of the 
components was selected based on SVD and core 
consistency diagnostic (CORCONDIA) test (25).  

 
Validation samples modelling with second-

order calibration algorithms 
Figure 1. shows the chromatogram of a 

typical serum sample spiked with CBZ in 
multiple wavelengths (225-370 nm). It can be 
observed that at least one interfering component 
is eluted before CBZ. 

The chromatographic pattern confirmed the 
fact that classical univariate calibration is not 
a suitable and reliable method of quantification 
in this condition. As a matter of fact, different 
complexity problems were faced in this study 
during the analysis of different serum samples, 
which was completely evident and justified 
the application of second-order multivariate 
calibration methods. 

Three-way data arrays were constructed 
from multiple HPLC-DAD matrices including 
15 calibration matrices and each of validation 

samples. Hence, the size of each cube of data 
submitted to multiway analysis was (16×91)×96. 
So, the resolution and quantification information 
belong to each sample was obtained each time 
from decomposition process. Quantification 
performed after completing the decomposition 
process for every unknown sample. Then, after 
confirming that component model belongs 
to the analyte, the concentration value of the 
target analyte f was obtained by regression of 
the first I elements of aI+1,f against the standard 
concentration values of yf through a pseudo-
univariate calibration curve: 

βf=
+
fy [a1,f|...|aI,f]                                            [1]

where βf  is the slope of the least squares 
fitting and "+" shows the pseudoinverse. The 
estimated concentration in the unknown sample 
aI+1th is:

yu,f =
f

fIa
β

,1+                                                   [2]

Table 1. Predicted concentrations of CBZ using multiway algorithms on two different serum samples spiked with different amount of 
analytes.

Sample CBZ concentrations (μg mL−1)a

Serum 1
Unspiked

Taken
-

ATLD
n.db

SWATLD
n.d

APTLD
n.d

PARAFAC
n.d

U-PLS/RBL
n.d

s1 0.48 0.39(80.4%) 0.63(133.0%) 0.63(133.0%) 0.37(78.0%) 0.38(80.4%)

s2 0.95 0.74(78.4%) 0.95(99.7%) 0.95(99.7%) 0.75(79.2%) 0.61 (64.0%)

s3 7.60 6.78(89.3%) 6.23 (82.0%) 6.23 (82.0%) 6.91 (91.0%) 6.04(79.4%)

s4 5.45 5.03(93.3%) 4.88(89.5%) 4.88(89.5%) 5.02(92.2%) 3.78 (69.3%)

s5 2.35 2.23(95.1%) 
[6.71]c

2.17(92.4%)
[5.24]

2.17(92.4%) 
[5.24]

2.34(99.7%)
[5.60]

1.72 (73.0%)
[6.22]

Serum 2
Unspiked - n.d. n.d. n.d. n.d. n.d.

s6 0.85 0.92(108.2%) 0.92(108.2%) 0.92(108.2%) 0.93(109.4%) 0.96(113.3%)

s7 8.15 6.52 (80.0%) 6.79 (83.3%) 6.79 (83.3%) 7.37 (90.4%) 7.23(88.7%)

s8 4.12 4.93(119.6%) 4.33(105.1%) 4.33(105.1%) 3.07 (74.5%) 3.51(85.2%)

s9 6.45 5.33 (82.6%) 5.35 (82.9%) 5.34 (82.8%) 5.65 (87.6%) 5.51(85.4%)

s10 3.20 2.99 (93.4%) 3.03 (94.7%) 3.03 (94.7%) 3.11 (97.2%) 3.06(95.6%)

s11 0.50 0.47 (94.0%) 0.50 (100.0%) 0.41 (82.0%) 0.62 (124.0%) 0.53(105.3%)

s12 1.80 1.79 (99.8%) 
[12.53]c

1.79 (99.80%) 
[9.23]

1.79 (99.8%) 
[6.68]

1.79 (99.8%)
[2.82]

1.69(93.6%)
[6.85]

a Recoveries in parenthesis.
b Not detected.
c RSD (%) for three replicates of s5 and s12 in square brackets. 
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Figure 2.  Overlay chromatograms including CBZ and interference (A) before elution time shifts correction and (B) after alignment.

The predicted concentrations results, with 
the mentioned algorithms for CBZ, have 
been shown in Figure 3 and good agreement 
between the predicted values and the real spiked 
concentrations is clear.

Figure 4 shows the resolved spectral profiles 
by the mentioned algorithms. As can be seen, 
there is a perfect correlation between the 
recovered and the normalized pure spectrum of 
CBZ. Also, acceptable quantitative results were 
obtained (Table 1) for both spiked serum samples 
(serum 1 and 2), which is a further confirm for 
the effectiveness and accuracy of the mentioned 

techniques. For all cases the number of factors 
was 2 or 3, but never 1, which is normally 
required and presupposed for traditional 
univariate calibration. The mean recovery 
values through application of the mentioned 
algorithms for modeling 13 serum samples from 
two different pools were shown in Table 1. For 
all algorithms, the relative standard deviations 
(RSD%) of predicted concentration values for 
three replicates of s5 and s12 samples can be 
considered acceptable considering this fact that 
no attempt has been performed to remove the 
interfering compounds before HPLC analysis. 
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Table 2. shows the statistical parameters 
such as root-mean-square-error of prediction 
(RMSE) and the figures of merit obtained 
through application of the algorithms for CBZ 
in serum samples using external calibration 
strategy. Both the limits of detection (LODs) and 
limits of quantification (LOQs) were obtained 
by all algorithms in the serum samples which 
were acceptable considering that a very simple 
methodology is being applied to a complex real 
system. Also, comparing RMSEP, RSD and LOD 
values obtained for validation samples showed 
that the PARAFAC provides slightly better 
results compared to aforementioned algorithms. 
Consequently, obtained recoveries by all 
algorithms were acceptable, so these algorithms 
can be eligible for some real applications, 
such as clinical analysis and pharmacokinetic 

investigations for patients. Also, taking the 
typical values found in serum samples into 
account, the proposed method can be directly 
applied without a pre-concentration step.

Quantitative analysis of CBZ in real samples
Since evaluation of the present method in 

analysing real samples is the most important 
purpose of the present study,  a set of 21 
serum samples belonging to three groups of 
morphine-dependent patients who have received 
carbamazepine before surgery, was analyzed 
using three way algorithms in three time intervals 
of before surgery, 2 h, and 12 h after surgery. 

Patient›s serum matrices contained different 
number of interfering compounds. As it can be 
observed in Figure 5, overlapping between the 
signals for this drug and serum components is 

Parameter                                          ATLD                   SWATLD                  APTLD                     PARAFAC                  U-PLS/RBL

%REC±SD
RMSEP
LODs (µg ml-1)
LOQs (µg mL-1)

92.84±12               97.56 ±14                  95.99 ±14                     93.59±13                      86.10±14
 1.597                        0.670                        0.672                            0.507                            0.913
 0.037                        0.037                        0.033                            0.023                            0.096   
 0.124                        0.124                        0.111                            0.076                            0.320  

Table 2. Figures of merit and statistical validation results for the determination of CBZ in serum by ATLD, SWATLD, APTLD, 
PARAFAC and U-PLS/RBL.

Figure 3. Estimated elution time profiles retrieved by all techniques analysis this region containing CBZ (purple solid line) and interfering 
compound. (Color figure available online.)



Interference-free Determination of Carbamazepine

127

Group1
samplesa ATLD PARAFAC SWATLD APTLD U-PLS/RBL

Serum 1 0.70 0.90 0.80 0.80 0.70

Serum 2 0.08 0.05 0.082 0.083 0.17

Serum 3 0.08 0.08 0.09 0.09 0.15

Serum 4 0.11 0.06 0.16 0.16 0.12

Serum 5 0.09 0.09 0.11 0.11 0.07

Serum 6 0.16 0.14 0.19 0.19 0.17

Serum 7 0.11 0.07 0.14 0.14 0.10

Mean c 0.19±0.22 0.19±0.25 0.22±0.25 0.22±0.31 0.21±0.22

Group2
samplesa ATLD PARAFAC SWATLD APTLD U-PLS/RBL

Serum 1 0.87 0.75 1.07 1.07 0.7

Serum 2 0.19 0.23 0.36 0.36 0.2

Serum 3 0.2 0.42 0.43 0.43 0.1

Serum 4 0.47 0.67 0.65 0.65 0.3

Serum 5 0.41 0.42 0.63 0.63 0.67

Serum 6 0.71 0.8 0.69 0.88 0.7

Serum 7 0.70  [3.05]b 0.75[2.75] 0.95[2.46] 0.95[2.46] 0.53[5.13]

Mean c 0.51±0.26 0.58±0.25 0.68±0.22 0.71±0.26 0.46±0.20

Group3
samplesa ATLD PARAFAC SWATLD APTLD U-PLS/RBL

Serum 1 0.81 0.83 1.05 1.05 0.7

Serum 2 0.2 0.23 0.39 0.39 0.2

Serum 3 0.21 0.23 0.43 0.43 0.20

Serum 4 0.39 0.41 0.68 0.68 0.40

Serum 5 0.34 0.36 0.54 0.54 0.20

Serum 6 0.57 0.23 0.75 0.75 0.50

Serum 7 0.96 0.96 1.01 1.01 0.80
a Groups 1-3 samples, correspond to serum samples of morphine-dependent patients, before surgery, 2 h and 12 h after surgery, respectively.              
b RSD (% ) for three replicates analysis of sample 7 (group 2) in square bracket.
c Mean concentration values  and standard deviation  obtained for determination of CBZ in each group of patients.

Table 3. Results of quantification of CBZ on three groups of morphine-dependent patients’ serum samples by ATLD, SWATLD, APTLD, 
PARAFAC and U-PLS/RBL.

clear. The analysis of CBZ was done by applying 
these algorithms to the sub-matrices containing 
CBZ peak. The results are shown in Table 3. As 
it is clear, there is an almost good agreement 
between the results obtained by these methods. 
Figure 6 shows the resolved chromatographic 
profiles through decomposition of HPLC-DAD 
data array using five mentioned algorithms for 
serum 1 (group 1) with the two factors. As can 
be appreciated from this figure, there is a perfect 
resemblance between the predicted profiles 
obtained via the algorithms. Also, the recovered 

chromatographic (Figure 6) and spectral profiles 
for unexpected components using U-PLS/RBL 
(figure has not been shown) was very similar to 
the serum samples. The test of repeatability was 
performed for one of the most complex samples 
with two interfering components. Therefore, the 
RSD% values for analysis of serum 7 (group 
2) with three replicates was obtained as 3.05% 
for ATLD, 2.75% for PARAFAC, 2.46% for 
SWATLD and APTLD and 5.13% for U-PLS/
RBL. This Table confirms that the concentration 
of CBZ increased before surgery until 2 h and 
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Figure 4. Spectral profiles recovered by all techniques modeling for CBZ. Comparison between the normalized pure analyte spectra for 
CBZ (black dot line) and the spectra reconstructed by the all techniques (red solid line). The interfering components have been shown 
for CBZ. (Color figure available online.)

Figure 5. Second-order HPLC-DAD data of a patient’s serum sample.

Figure 6. Estimated chromatographic profiles by all techniques modeling for morphine-dependent serum sample (serum1) which 
includes CBZ (orang solid line) and one interfering component. (Color figure available online.)
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remained nearly constant until 12 h after surgery.

Conclusion

Different second-order calibration algorithms 
of PARAFAC, ATLD, SWATLD, APTLD and 
U-PLS/RBL were used in this paper, for modeling 
HPLC-DAD data sets. In comparing the multiway 
methodologies for resolving a complex bio-
analytical problem, the following characteristics 
should be considered: analytical performance 
of the method, model interpretability as well 
as ease and speed of program operation.  It has 
been shown that all methods are very helpful 
for direct determination of CBZ in complex 
matrices such as human serum despite the 
serious interferences. PARAFAC can provide the 
most stable result only if the selected component 
number is correct, but its convergence speed 
is slow. ATLD can obtain more information 
in extracting the trilinear structure in the data, 
while having the advantage of being insensitive 
to component number and fast convergence 
speed. SWATLD employing the same ideology 
as ATLD, inherits the advantage of insensitive 
to component number and fast speed. Larger 
penalty factors make APTLD close to SWATLD. 
U-PLS/RBL benefits from some important 
advantages. In fact, it is a rather straight forward 
technique having simpler and faster program 
operations. It is independent from initial estimate 
(guess) of the component spectra and shows 
good analytical performance. On the other hand, 
despite the other multiway methods, it is not 
possible to give a clear physical interpretation of 
the system using U-PLS/RBL modeling.

Finally, regarding ease of computer 
operation, all methods can be applied through 
a graphical user interfaced (GUI) in MATLAB 
environment. However, trilinear algorithms 
need extra pre-processing step of trilinearity 
correction in addition to background removal. 
So, U-PLS/RBL seems to be simpler considering 
the number, initial estimates requirements, and 
constraining parameters. 

Acknowledgments

The authors would like to thank the 
pharmacology Center of Shahid Beheshti 

University of Medical Sciences for providing 
patients› serum samples. We would also like 
to thank the Research Council of Chemistry 
and Chemical Engineering Research Center 
(CCERCI) for financial support of this work.

References

Hardman JG, Limbrid LE and Gilman AG. Goodman & 
Gilman’s the Pharmacological Basis of Therapeutics. 
10th ed. Mc-Graw Hill: New York (2001).
Richardson SD and Ternes TA. Water analysis: 
emerging contaminants and current issues. Anal. 
Chem. (2011) 83: 4614-48. 
Cunningham VL, Perino C, D’Aco VJ, Hartmann 
A and Bechter R. Human health risk assessment of 
carbamazepine in surface waters of North America and 
Europe. Regul. Toxicol. Pharm. (2010) 56: 343-351.
Naseri K, Sabetkasaei M, Moini Zanjani T and Saghaei 
E. Carbamazepine potentiates morphine analgesia on 
postoperative pain in morphine-dependent rats. Eur. J. 
Pharmacol. (2012) 674: 332-6.
Marino SE, Birnbaum AK, Leppik IE, Conway JM, 
Musib LC, Brundage RC, Ramsay RE, Pennell PB, 
White JR, Gross CR, Rarick JO, Mishra U and Cloyd 
JC. Steady-state carbamazepine pharmacokinetics 
following oral and stable-labeled intravenous 
administration in epilepsy patients: Effects of race and 
sex. Clin. Pharmacol. Ther. (2012) 91: 483–8. 
Gómez MJ, Petrović M, Fernández-Alba AR and 
Barceló D. Determination of pharmaceuticals of various 
therapeutic classes by solid-phase extraction and liquid 
chromatography–tandem mass spectrometry analysis 
in hospital effluent wastewaters. J. Chromatogr. A 
(2006) 1114: 224-33.
Andreozzi R, Marotta R, Pinto G and Pollio 
A. Carbamazepine in water: persistence in the 
environment, ozonation treatment and preliminary 
assessment on algal toxicity. Water Res. (2002) 36: 
2869-77.
Chiron S, Minero C and Vione D. Photo degradation 
processes of the antiepileptic drug carbamazepine, 
relevant to estuarine waters. Environ. Sci. Technol. 
(2006) 40: 5977-83. 
Jalali-Heravi M and Parastar H. Recent trends in 
application of multivariate curve resolution approaches 
for improving gas chromatography–mass spectrometry 
analysis of essential oils. Talanta (2011) 85: 835-49.
Sanchez E, Scott Ramos L and Kowalski BR. 
Generalized rank annihilation method: I.   Application 
to liquid chromatography—diode array ultraviolet 
detection data. J. Chromatogr. A (1987) 385: 151-64. 
Arancibia JA, Damiani PC, Escandar GM, Ibãnez GA 
and Olivieri AC. A review on second- and third-order 
multivariate calibration applied to chromatographic 
data. J. Chromatogr. B (2012) 910: 22-30.
De Juan A and Tauler R. Chemometrics applied to 
unravel multicomponent processes and mixtures: 

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)



 Ghafghazi Sh et al. / IJPR (2017), 16 (1): 120-131

130

Revisiting latest trends in multivariate resolution. 
Anal. Chim. Acta (2003) 500: 195-210. 
De Juan A and Tauler R. Factor analysis of hyphenated 
chromatographic data: Exploration, resolution 
and quantification of multicomponent systems. J. 
Chromatogr. A (2007) 1158: 184-95. 
Parastar H and Akvan N. Multivariate curve resolution 
based chromatographic peak alignment combined 
with parallel factor analysis to exploit second-order 
advantage in complex chromatographic measurements. 
Anal. Chim. Acta. (2014) 816: 18-27.
Bro R, Andersson CA and Kiers HAL. PARAFAC2—
PART II. Modeling chromatographic data with 
retention time shifts. J. Chemom. (1999) 13: 295-309.
Maggio RM, Damiani PC and Olivieri AC. Multivariate 
curve-resolution analysis of pesticides in water samples 
from liquid chromatographic–diode array data. Talanta 
(2011) 83: 1173–80.
Tauler R. Multivariate curve resolution applied to 
second order data. Chemometr. Intell. Lab. Syst. (1995) 
30: 133-46.
Harshman RA and Lundy ME. PARAFAC: Parallel 
factor analysis. Comput. Stat. Data Anal. (1994) 18: 
39-72.
Bro R. PARAFAC. Tutorial and applications. 
Chemometr. Intell. Lab. Syst. (1997) 38: 149-71. 
Morales R, Cruz Ortiz M and Sarabia LA. Optimization 
of headspace experimental factors to determine 
chlorophenols in water by means of headspace solid-
phase microextraction and gas chromatography 
coupled with mass spectrometry and parallel factor 
analysis. Anal. Chim. Acta, (2012) 754: 20-30.
Skov T, Hoggard JC, Bro R and Synovec RE. Handling 
within run retention time shifts in two-dimensional 
chromatography data using shift correction and 
modeling. J. Chromatogr. A (2009) 1216: 4020-9.
Anderson CM and Bro R. Practical aspect of PARAFAC 
modeling of fluorescence excition-emission data. J. 
Chemom. (2003) 17: 200-215.
Wu HL, Nie JF, Yu YJ and Yu RQ. Multi-way 
chemometric methodologies and application: a central 
summary of our research work. Anal. Chim. Acta. 
(2009) 650: 131-142.
Chen ZP, Liu Z, Cao YZ and Yu RQ. Efficient way to 
estimate the optimum number of factors for trilinear 
decomposition. Anal. Chim. Acta. (2001) 444: 295-
307.
Bro R and Kiers HAL. A new efficient method for 
determining the number of components in PARAFAC 
models. J. Chemom. (2003) 17: 274-86.
Xia AL,Wu HL, Zhang Y, Zhu SH, Han QJ and  Yu 
RQ. A novel efficient way to estimate the chemical 
rank of high-way data array. Anal. Chim. Acta. (2007) 
598: 1-11.
Kloepfer A, Quintana JB and Reemtsma T. 
Operational options to reduce matrix effects in 
liquid chromatography–electrospray ionisation-mass 
spectrometry analysis of aqueous environmental 
samples. J. Chromatogr. A (2005) 1067: 153-60.

Bortolato SA, Arancibia JA and Escandar GM. Non-
trilinear chromatographic time retention−fluorescence 
emission data coupled to chemometric algorithms 
for the simultaneous determination of 10 polycyclic 
aromatic hydrocarbons in the presence of interferences. 
Anal. Chem. (2009) 81: 8074-84. 
Cañada-Cañada F, Arancibia JA, Escandar GM, Ibañez 
GA, Espinosa Mansilla A, Muñoz de la Peña A and 
Olivieri AC. Second-order multivariate calibration 
procedures applied to high-performance liquid 
chromatography coupled to fast-scanning fluorescence 
detection for the determination of fluoroquinolones. J. 
Chromatogr. A (2009) 1216: 4868-76.
Martinez Galera M, Gil Garcia MD, Culzoni MJ and 
Goicoechea HC. Determination of pharmaceuticals 
in river water by column switching of large sample 
volumes and liquid chromatography–diode array 
detection, assisted by chemometrics: An integrated 
approach to green analytical methodologies. J. 
Chromatogr. A (2010) 1217: 2042-9.
Braga JWB, Bottoli CBG, Jardim I, Goicoechea HC, 
Olivieri AC and Poppi RJ. Determination of pesticides 
and metabolites in wine by high performance liquid 
chromatography and second-order calibration methods. 
J. Chromatogr. A (2007) 1148: 200-10.
Linder M and Sundberg R. Second-order calibration: 
bilinear least squares regression and a simple 
alternative. Chemom. Intell. Lab. Syst. (1998) 42: 
159–78. 
Faber NM, Ferré J, Boqué R and Kalivas JH. Second-
order bilinear calibration: the effects of vectorising the 
data matrices of the calibration set. Chemom. Intell. 
Lab. Syst. (2002) 63: 107–16.
Olivieri AC. On a versatile second-order multivariate 
calibration method based on partial least-squares and 
residual bilinearization: Second-order advantage and 
precision properties. J. Chemom. (2005) 19: 253–65.
Pere-Trepat E and Tauler R. Analysis of environmental 
samples by application of multivariate curve resolution 
and fused high-performance liquid chromatography 
diode array detection mass spectrometry. J. 
Chromatogr. A (2006) 1131: 85-96.
Tauler R, Smilde A and Kowalski B. Selectivity, 
Local rank, three-way data analysis and ambiguity in 
multivariate curve resolution. J. Chemom. (1995) 9: 
31-58.
Tomasi G and Bro R. A comparison of algorithms for 
fitting the PARAFAC model, Comput. Stat. Data Anal. 
(2006) 50: 1700–34.
Juan A and Tauler R. Comparison of three-way 
resolution methods for non-trilinear chemical data sets. 
J. Chemom. (2001) 15: 749–772.
Faber NKM, Bro R and Hopke PK. Recent 
developments in CANDECOMP/PARAFAC 
algorithms: a critical review. Chemom. Intell. Lab. 
Syst. (2003) 65: 119–37. 
Yu YJ, Wu HL, Nie JF, Zhang SR, Li SF, Li YN, Zhu 
SH and Yu RQ. A comparison of several trilinear 
second-order calibration algorithms, Chemom. Intell. 

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)



Interference-free Determination of Carbamazepine

131

Lab. Syst. (2011) 106: 93–107. 
Escandar GM, Goicoechea HC, Muñoz de la Peña 
A and Olivieri AC. Second- and higher-order data 
generation and calibration: A tutorial. Anal. Chim. Acta 
(2014) 806: 8–26.
Wu HL, Li Y and Yu RQ. Recent developments of 
chemical multiway calibration methodologies with 
second-order or higher-order advantages. J. Chemom. 
(2014) 28: 476-489.
Vosough M, Ghafghazi SH and Sabetkasaei M. 
Chemometrics enhanced HPLC–DAD    performance 
for rapid quantification of carbamazepine and 
phenobarbital in human serum samples. Talanta (2014) 
119: 17–23
Olivieri AC, Wu HL and Yu RQ. MVC2: A MATLAB 
graphical interface toolbox for second-order 
multivariate calibration. Chemometr. Intell. Lab. Syst. 
(2009) 96: 246–51.
Queiroz RHC, Bertucci C, Malfara WR, Dreossi 
SAC, Chaves AR, Valério DAR and Queiroz MEC. 
Quantification of carbamazepine, carbamazepine-

10,11-epoxide, phenytoin and phenobarbital in plasma 
samples by stir bar-sorptive extraction and liquid 
chromatography. J. Pharm. Biomed. Anal. (2008) 48: 
428–34.
Prazen BJ, Synovec RE and Kowalski BR. 
Standardization of second-order b      chromatographic/
spectroscopic data for optimum chemical analysis. 
Anal. Chem. (1998) 70: 218–25.
Bloemberg TG, Gerretzen J, Lunshof A, Wehrens R 
and Buydens LMC. Warping methods for spectroscopic 
and chromatographic signal alignment: A tutorial. 
Anal. Chim. Acta (2013) 781: 14– 32.
Van Nederkassel AM, Daszykowski M, Eilers PHC and 
Vander Heyden Y. A comparison of three algorithms 
for chromatograms alignment. J. Chromatogr. A 
(2006) 1118: 199–210
Kaczmarek K, Walczak B, de Jong S and Vandeginste 
GM. Baseline reduction in two dimensional gel 
electrophoresis images. Acta Chromatogr. (2005) 15: 
82–96.

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)
This article is available online at http://www.ijpr.ir


