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A B S T R A C T

In this work, for the first time, we have developed a novel and very interesting electroanalytical methodology
assisted by first-order multivariate calibration (MVC) for simultaneous determination of doxorubicin (DX),
daunorubicin (DN) and idarubicin (ID) as three chemotherapeutic drugs at simulated physiological conditions. A
sever overlapping was observed among signals of the three drugs which hindered us for simultaneous de-
termination of them by conventional electroanalytical techniques. Therefore, we had to assist our method by
chemometric approaches to develop a novel method for simultaneous determination of DX, DN and ID. Among
the existing electroanalytical methods, electrochemical impedance spectroscopy (EIS) due to its high sensitivity
was chosen. After individual calibration of the three drugs with the EIS data, a set of calibration samples was
designed which was used to develop several first-order MVC models by partial least squares (PLS), continuum
power regression (CPR), radial basis function-partial least squares (RBF-PLS), RBF-artificial neural network
(RBF-ANN) and least squares-support vector machines (LS-SVM) as linear and non-linear chemometric algo-
rithms. Then, performance of the developed MVC models in predicting concentrations of DX, DN and ID in
synthetic samples was compared to choose the best model for the analysis of real samples. Our records confirmed
more superiority of RBF-PLS algorithm than the other developed models which motivated us to choose it for the
analysis of real samples. Fortunately, the results of the RBF-PLS in the analysis of real samples towards si-
multaneous determination DX, DN and ID was acceptable.

1. Introduction

Cancer is one of the most serious human diseases in the world and it
is divided into many main sub-cancers dependent on the involved
tissue. Leukemia or blood cancer is one of the most common types of
cancer around the world [1]. Leukemia is divided into acute and
chronic types depending on the range, severity, and progression rate of
the disease. In acute leukemia, rapid growth is followed by the pro-
duction of several immature white blood cells, and the interval between
the incidence of disease and its progression is very short. In chronic
leukemia, slow growth is accompanied by the production of a greater
number of mature cancer cells, and the interval between the incidence
of disease and its progression is longer [2,3]. A predisposing and pro-
minent factor involved in the presentation of leukemia, like any other

cancer, is disrupted cell division. Previous history of some blood dis-
orders or cancer, genetic factors, host susceptibility, radiation, tobacco
addiction, environmental pollutants, impaired immune system, and age
increase cause acute leukemia. For the treatment of acute leukemia,
chemotherapy, radiotherapy, bone marrow transplantation, and stem
cells are used. The chemical drugs used for chemotherapy affect the cell
division of cancer cells. Among the existing drugs, doxorubicin (DX),
daunorubicin (DN), and idarubicin (ID) have a special place in the
treatment of leukemia [4–6]. The exact mechanism of the DX, DN, and
ID is binding to DNA and inhibiting nucleic acid production by de-
stroying the molecular structure and making a space barrier. However,
they make many side effects such as anemia, hair loss, nausea, vo-
miting, diarrhea, allergic reaction, ringing in ears and hearing loss,
fertility impairment, mouth ulcers, bronchospasm, fever and flu-like
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symptoms, and secondary malignancies [7,8]. Therefore, determination
of DX, DN and ID are very important from clinical point of view.

There are some analytical techniques such as UV–Vis spectro-
photometry, FT-IR [9], electrochemistry [10], high performance liquid
chromatography (HPLC) [11], capillary electrophoresis [12], and nu-
clear magnetic resonance (NMR) [13] which can be used to determine
drugs in blood. Although these methods are accurate and reliable but,
they are expensive and time-consuming which motivated researchers to
develop new methods. Electrochemists due to having simple, fast,
sensitive, inexpensive, selective, reproducible and repeatable methods
can develop new techniques to tackle the mentioned problems. It is
important to be mentioned achieving the lowest detection limit is one
of the most important limitations of these methods [14,15,16]. There-
fore, electrochemical methods could be assisted by nanomaterials or
nanostructures which can help electrochemists to increase the surface

area, binding sites and response signal of their electrodes. Moreover,
the selectivity of the electrochemical methods can be increased by the
use of chemometric techniques [17]. First-order multivariate calibra-
tion (MVC) which operates using a vector of data per sample can pre-
dict concentrations of the analytes of interest in an interfering medium
provided they are included in the calibration set, a property known as
the “first-order advantage”. Complex processes, perturbation of the
excitation signal, large field currents, large amount of information
produced by electrochemical devices, large overlap with the signal of
other analytes and possible disturbances within the sample tissue in-
dicate the necessity of using chemometrics along with electrochemical
methods [17–21]. Among the existing electrochemical methods, elec-
trochemical impedance spectroscopy (EIS) is a simple and sensitive
technique which has been frequently used for quantitative purposes
[22,23]. But, in this work, we are going to use the EIS for simultaneous
determination of DX, DN and ID which is reported for the first time.
Voltammetric signals of DX, DN and ID showed a severe overlapping
which hindered us to determine them simultaneously by conventional
methods. Another problem arising from voltammetric signals was re-
lated to their sensitivity which forced us to use EIS which was more
sensitive than voltammetric techniques. Although the EIS method is
sensitive but is not able to tackle the overlapping problem, but the EIS
technique can be assisted by chemometric methods to overcome this
challenge. Coupling of the EIS method with chemometric method will
produce a very interesting method which could be used for quantitative
purposes.

In this work, we are going to develop a novel chemometrics assisted-
electroanalytical methodology for simultaneous biosensing of DX, DN
and ID based on generation of first-order EIS data and using them for
building MVC models with the help of partial least squares (PLS),
continuum power regression (CPR), radial basis function-partial least
squares (RBF-PLS), RBF-artificial neural network (RBF-ANN) and least
squares-support vector machines (LS-SVM) as first-order multivariate
algorithms. To increase the sensitivity and selectivity of the developed
methodology, the bare glassy carbon electrode (GCE) will be modified
by a composite film consisting of multiwall carbon nanotube
(MWCNTs) and bovine serum albumin (BSA). After checking the per-
formance of the developed MVCs for prediction of concentration of DX,
DN and ID in synthetic samples, the best model will be applied to the
analysis of serum samples as real cases. A schematic representation of
the steps of the developed methodology in this work is shown in
Scheme 1.

Scheme 1. Schematic representation of the steps of the study presented in this work.

Fig. 1. The SEM image captured from the surface of MWCNTs-BSA/GCE.
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2. Experimental

2.1. Chemicals and solutions

The DX, DN, ID, MWCNTs, ethanol (EtOH), dimethylformamide
(DMF), BSA, KCl, NaH2PO4, Na2HPO4, H3PO4, NaOH, K3[Fe(CN)6]3−

and K4[Fe(CN)6]4− were purchased from Sigma-Aldrich. A phosphate
buffered solution (PBS, 0.1 M, pH 7.4) was prepared from NaH2PO4 and
Na2HPO4. Stock standard solutions of DX, DN and ID (0.01 M) were
prepared by dissolving their solid powder in the PBS. A probe solution
with a concentration of 0.05 M was prepared by dissolution of K3[Fe
(CN)6]3− and K4[Fe(CN)6]4− in KCl. 10 mg MWCNTs was added to
1 mL DMF and ultrasonicated for 1 h to obtain a homogeneous gel-like
solution. An optimized amount of BSA (0.1 mg) was dissolved in a
mixture of EtOH/PBS (20/80, V/V) and then, 200 μL of this mixture
was added to 800 μL of the prepared gel-like solution of MWCNTs to
prepare MWCNTs-BSA. All the solutions were prepared by doubly dis-
tilled water (DDW).

2.2. Apparatus and software

An Autolab (302N) controlled by the NOVA software (Version 1.8)
was used for recording electrochemical data. A bare or modified GCE, a
Pt wire and an Ag/AgCl electrode were used as working, counter and
reference electrode, respectively. By using a JENWAY-3510 pH meter,
pH of the solutions was adjusted. All the chemometric algorithms were
run in MATALAB (Version 7.5) environment. Scanning electron mi-
croscopic (SEM) images were taken by using a MIRA3TESCAN-XMU. A
DELL XPS laptop (L502X) with 8 GB of RAM, Intel Core i7-2630QM
2.0 GHz and Windows 10 as its operating system was used for running
all calculations.

2.3. Preparation of the sensor

The bare GCE was polished on a silky pad impregnated with alu-
mina slurry and then, rinsed with DDW and dried at room temperature.
Modification of the bare GCE was performed by drop-casting of 10 μL

Fig. 2. (A) CVs of (a) DX (50 μM), (b) DN (50 μM) and (c) ID (50 μM) recorded in PBS (0.1 M, pH 7.4) at the surface of MWCNTs-BSA/GCE at the scan rate of
50 mV s−1, (B) EISs of 50 μM (a) DX, (b) DN, (c) ID and (d) their mixture recorded in 0.05 M electrochemical probe at the surface of MWCNTs-BSA/GCE, (C) CVs of
(a) GCE and (b) MWCNTs-BSA/GCE in 0.05 M electrochemical probe, scan rate 0.05 mVs−1, and (D) EISs of (a) GCE and (b) MWCNTs-BSA/GCE in 0.05 M
electrochemical probe.
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Fig. 3. EIS responses of MWCNTs-BSA/GCE to (A) DX, (B) DN and (C) ID. Insets show calibration graphs.
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MWCNTs-BSA onto its surface. After drying the MWCNTs-BSA/GCE at
room temperature, it was covered and kept in a refrigerator. The SEM
image taken from the surface of MWCNTs-BSA/GCE is shown in Fig. 1.
As can be seen, the tubes of the MWCNTs in combination with BSA have
been twined around each other and covered the whole of electrode
surface which confirmed the successfulness of the fabrication process.

2.4. Preparation of the real samples

Three blank human serum samples (drug free) were prepared ac-
cording to the procedure described by Shu et al. with some modifica-
tions [24]. Elimination of the protein and other substances was per-
formed by pouring 5.0 mL of each serum sample in a 10.0 mL glass tube
containing 5.0 mL zinc sulfate solution-acetonitrile 15.0% (w/v) and
the tube was vortexed for 20.0 min followed by centrifugation at
4000 rpm for 5 min. Then, the supernatant was collected in the same
tube and the solution was used for the next analyses.

3. Results and discussion

3.1. Electrochemical studies

All the electrochemical data reported in this work were recorded in

the PBS (0.1 M, pH 7.4) at room temperature. The first attempt for
starting the work was focused on recording cyclic voltammetric (CV)
responses of the MWCNTs-BSA/GCE to DX, DN and ID and the results
are shown in Fig. 2A. As can be seen, there was a sever overlapping
among the signals of DX, DN and ID which hindered us to determine
them by the use of conventional voltammetric techniques. Another,
difficulty was related to the low sensitivity of the voltammetric

Table 1
Compositions (μM) of the mixtures related to the calibration and validation sets.

Calibration set Validation set

Sample No. DX DN ID Sample No. DX DN ID

1 0.2 1 0.5 1 5 20 5
2 0.2 1 90 2 10 25 10
3 0.2 100 0.5 3 12 12 2.5
4 0.2 100 90 4 30 45 14
5 33 1 0.5 5 20 50 18
6 33 1 90 6 7 6 25
7 33 100 0.5 7 4 10 30
8 33 100 90 8 15 14 65
9 0.2 50 45 9 40 11 80
10 45 50 45 10 45 13 70
11 22.5 1 45
12 22.5 1 45
13 22.5 50 0.5
14 22.5 50 0.5
15 22.5 50 45

Fig. 4. EIS responses of MWCNTs-BSA/GCE to the mixtures of (A) calibration set and (B) validation set.

Table 2
Predicted concentrations (μM) of the validation set by different algorithms.

PLS CPR

Sample NO. DX DN ID DX DN ID

1 3.8 18.3 5.7 6 18.7 4.5
2 8.5 23 11.7 11.3 23.4 11.2
3 13.5 13.5 2.15 13.2 11 2.32
4 32.5 42 15.6 32 42.5 15.1
5 17.5 52.7 19.2 22.5 48 17
6 8.7 7.8 22.6 5.5 7 27
7 5 8.1 28.1 4.8 8.5 28.5
8 13.7 17 62.5 14 11.5 63.2
9 43 12.9 77.2 37.5 12.3 78
10 48.3 15 73.4 48 14.6 68.1

RBF-PLS RBF-ANN
Sample NO. DX DN ID DX DN ID
1 5.1 20.2 5.03 5.5 20.5 5.1
2 9.9 24.8 9.9 10.6 24.5 10.3
3 11.85 11.9 2.45 12.5 11.7 2.6
4 30.2 46 13.95 31 46.3 14.1
5 20.15 50.5 18.1 21.5 49 17.7
6 6.85 5.9 25.3 6.3 5.7 26.2
7 4.05 10.2 30.3 4.1 10.4 30.6
8 15.2 14.3 65.5 14.4 14.7 66
9 39.5 10.6 80.1 42 11.8 81
10 46 13.3 70.2 43 13.6 71

LS-SVM
Sample NO. DX DN ID
1 5.9 21 5.35
2 11 26.2 10.8
3 11 11.5 2.7
4 28.5 47 14.5
5 18 51.5 18.6
6 6 6.6 26.5
7 4.4 11 31
8 15.7 15.2 63.7
9 38 12 81.5
10 42.5 12 71.6
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techniques. The mentioned problems motivated us to open new win-
dows for doing the project in a better way. Our strategy to tackle the
mentioned problems was including the following steps: 1) using EIS as
the operating technique due to its more sensitivity than voltammetric
methods, 2) modification of the bare GCE with MWCNTs-BSA/GCE
could help to increase the sensitivity of the method due to the presence

of MWCNTs and BSA could act as a trap for taking DX, DN and ID
molecules and 3) using chemometric techniques to shoot the over-
lapping trouble. As can be seen in Fig. 2B, the EIS response of the
MWCNTs-BSA/GCE to the mixture of DX, DN and ID is a single semi-
circle which cannot help us to determine them simultaneously. There-
fore, the EIS method must be assisted by chemometric method for si-
multaneous determination of DX, DN and ID. Figs. 2C and D show the
CV and EIS responses of GCE (curve a) and MWCNTs-BSA/GCE (curve
b) in electrochemical probe. As can be seen, due to the presence of
MWCNTs in the modification process, the MWCNTs-BSA/GCE had a
stronger CV and its EIS response had a smaller radius. Although, the
presence of BSA caused some trouble in the sensitivity of the developed
method but, BSA can help us to increase the selectivity of the developed
method. Our methodology will be expanded in more details in next
sections.

3.2. Chemometric studies

3.2.1. Why MVC is necessary?
As can be clearly seen from Fig. 2A, CVs of DX, DN and ID are se-

verely overlapped which cannot be simultaneously determined by the
use of conventional electrochemical methods. Another problem related
the using of conventional voltammetric techniques is related to their
sensitivity. To tackle the mentioned problems, we have used the EIS
method in combination with chemometric techniques which will be
expanded with more details in next sections.

As an important thing, it should be stated that the EIS data are
unique data which are changed in both of X and Y directions when
concentration of the analyte is changed. Therefore, for multivariate
calibration purposes, the average of X-axis and Y-axis was used as the
input signal.

3.2.2. Calibrations
3.2.2.1. Univariate calibrations. In order to obtain linear ranges of the
response of the MWCNTs-BSA/GCE to DX, DN and ID, three individual
calibration curves were constructed by recording EIS responses of the
sensor to DX, DN and ID which can be seen in Fig. 3A-C. Regression of
the EIS responses of the MWCNTs-BSA/GCE on concentrations of DX,
DN and ID helped us to obtain the calibration graphs which can be seen
as the inset of the Fig. 3A-C. The linear ranges were 0.2–45 μM,
1–100 μM and 0.5–90 μM for DX, DN and ID, respectively. These linear
ranges were used to build a calibration set containing DX, DN and ID
according to a central composite design.

3.2.2.2. Multivariate calibrations
3.2.2.2.1. Calibration set. Because of the complex matrix of the

serum samples we had to apply some strategies which enabled us to use
the developed method for the analysis of serum samples. We have used
a diluted blank serum sample (drug free) for preparing the samples of
the calibration set in it which enabled us to simulate the matrix of the
serum sample. According to the linear ranges of the individual
calibration curves, a calibration set of 15 samples were prepared
which its compositions can be seen in Table 1. The EIS responses of
the MWCNTs-BSA/GCE to the mixtures of the calibration set are shown
in Fig. 4A.

3.2.2.2.2. Validation set. In order to verify the performance of the
developed calibration models by PLS, CPR, RBF-PLS, RBF-ANN and LS-
SVM in predicting concentrations of DX, DN and ID, a validation set of
10 samples containing random concentrations of DX, DN and ID based
on the linear ranges of their individual calibration graphs was prepared
which its composition can be seen in Table 1. The EIS responses of the
MWCNTs-BSA/GCE to the samples of the validation set are shown in
Fig. 4B. Predicted concentrations of DX, DN and ID in the validation set
are presented in Table 2. Performance of the MVC models was
compared by evaluating root mean square errors of prediction
(RMSEP) and relative error of prediction (REP) according to the

Table 3
RMSEP and REP values related to the prediction of validation set.

PLS CPR

DX DN ID DX DN ID

RMSEP 2.09 2.21 2.06 1.83 1.71 1.45
REP 11.15 10.73 6.45 9.74 8.30 4.54

RBF-PLS RBF-ANN
DX DN ID DX DN ID

RMSEP 0.34 0.41 0.22 1.14 0.71 0.71
REP 2 2.02 0.70 6.05 3.43 2.21

LS-SVM
DX DN ID

RMSEP 1.45 1.17 1.06
REP 7.7 5.69 3.31

Fig. 5. Graphical comparison of the performance of different first-order algo-
rithms in predicting concentrations of DX, DN and ID based on (A) RMSEP and
(B) REP values.
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following equations:
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where yact and ypred are actual and predicted concentrations of each
component, respectively, and ymean refer to the mean of the actual
concentrations. n is the number of samples in calibration set.

Values of RMSEP and REP are collected in Table 3 which confirms
more superiority of the RBF-PLS than the other algorithms. Graphical
comparison of the performance of the first-order algorithms based on
RMSEP and REP values is shown in Figs. 5A and B, respectively. As can
be seen, RBF-PLS has more superiority than the other algorithms. In
order to further comparison of the performance of the developed MVC
models, elliptical joint confidence region (EJCR) was used [25,26]
which performs an ordinary least squares (OLS) analysis of predicted
concentrations on nominal ones [25]. The EJCR compares calculated
intercept and slope with their theoretically values (intercept = 0,
slope = 1), if the ellipses contains the ideal point, the predicted and
nominal concentrations are not different at the level of 95% confidence
and the elliptic size reflects precision of the analytical method, smaller
size corresponds to higher precision [26]. The results of EJCR are
shown in Fig. 6. As can be seen, the ellipse of RBF-PLS (green ellipse) is
smaller than those of the other algorithms which confirms more pre-
cision of the RBF-PLS than the other algorithms. For DN and ID, the
ideal point falls onto the ellipse of RBF-PLS which confirms that the

Fig. 6. Ellipses as the outputs of EJCR related to the prediction of (A) DX, (B) DN and (C) ID in validation set. In all cases blue, red, green, black and cyan ellipses are
related to PLS, CPR, RBF-PLS, RBF-ANN and LS-SVM, respectively. Black point remarks the ideal point. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 4
Results of the analysis of real samples by RBF-PLS (concentrations are in μM).

Serum 1

Spiked Found (Recovery%)

DX 45 50 5 45.2 (100.4) 49.5 (101) 4.9 (98)
DN 25 10 40 24.6 (98.4) 10.1 (101) 39.4 (98.5)
ID 35 60 70 35 (100) 61 (101.6) 66 (94.3)

Serum 2
Spiked Found (Recovery%)

DX 30 75 20 30.3 (101) 76.7 (102.2) 19 (95)
DN 15 80 15 14.6 (97.3) 77 (96.25) 15.2 (101.3)
ID 10 25 40 9.8 (98) 25.3 (101.2) 40 (100)

Serum 3
Spiked Found (Recovery%)

DX 35 50 30 34 (97.2) 51 (102) 30.5 (101.6)
DN 10 75 60 9.7 (97) 76 (101.3) 57(95)
ID 7 90 20 6.9 (98.6) 88 (97.8) 21 (104.8)
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RBF-PLS has more accuracy in predicting concentration of DX than DN
and ID. We chose RBF-PLS for the analysis of real samples towards si-
multaneous determination of DX, DN and ID.

3.3. Performance assessment of the developed methodology in the analysis
of real samples

In order to evaluate performance of the RBF-PLS for prediction of
concentration of DX, DN and ID in real samples, three blank human
serum samples described in Section 2.4 were chosen as real cases. 5 mL
from each serum samples were diluted with 5 mL PBS (0.1 M, pH 7.4)
and then, were spiked with different concentrations of DX, DN and ID as
are presented in Table 4. Then, concentrations of the spiked samples
were predicted with help of RBF-PLS and the results are presented in
Table 4. The recoveries showed that the RBF-PLS was successful in
prediction of concentrations of DX, DN and ID in real samples.

4. Conclusions

In this work, we have developed a novel impedimetric approach
assisted by first-order multivariate calibration for simultaneous de-
termination of DX, DN and ID in serum samples for the first time. First-
order impedimetric data in coupling with several first-order MVC al-
gorithms such as PLS, CPR, RBF-PLS, RBF-ANN and LS-SVM showed
different predictive abilities and among them the RBF-PLS had the best
performance for prediction of concentrations of DX, DN and ID. After
checking performance of the mentioned algorithms in simultaneous
prediction of concentrations of DX, DN and ID by statistical and gra-
phical methods, the RBF-PLS was chosen as the best one for the analysis
of real samples. Fortunately, application of the RBF-PLS to the spiked
serum samples towards simultaneous determination of DX, DN and ID
was acceptable. Good recoveries guaranteed its successfulness in the
analysis of real samples. Sensitivity of developed analytical method in
this work was benefited from impedimetry and modification of the bare
GCE while selectivity of the method was improved by exploiting first-
order advantage from impedimetric data. On the whole, by the com-
bination of first-order impedimetric data and first-order multivariate
calibration we have developed a novel electroanalytical method for
simultaneous determination of DX, DN and ID in real samples.
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