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Abstract
A novel and sensitive electrochemical sensor for the electrochemical investigation of pantoprazole (PPZ) have been established
based on single-walled carbon nanotubes-modified carbon paste electrode (SWCNTs/CPE). The developed SWCNTs/CPE has
been characterized by scanning electron microscopy (SEM), cyclic voltammetry (CV), and electrochemical impedance spectros-
copy (EIS). An excellent electrocatalytic activity is observed for the modified electrode with respect to pantoprazole. The
phosphate buffer solution (PBS) of pH 7.0 was used as an analytical medium, in which the pantoprazole exhibited
well-defined oxidation peak at + 1.09 V and the process was found to be irreversible and diffusion-controlled. The effects of
various experimental parameters such as pH, scan rate (υ), and concentration (C) on the voltammetric response are investigated.
The electrochemical parameters such as surface concentration (Γ), electron transfer coefficient (α), and standard rate constant (k0)
of pantoprazole at modified electrode have been determined. Under the optimized experimental conditions, the proposed sensor
is found to exhibit a rapid response towards pantoprazole in the linear range from 10 × 10−9 to 400 × 10−9 M with low detection
limit of 4.9 × 10−10 M. The analytical applicability of the proposed sensor has been successfully evaluated for the determination
of pantoprazole present in pharmaceutical dosages, human serum, and urine samples with respect to sensitivity, repeatability,
reproducibility, specificity, accuracy, and precision.

Keywords Carbon nanotubes . Cyclic voltammetry . Pantoprazole . Single-walled carbon paste electrode . Square wave
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Introduction

Acid-related disorders are common management problems in
clinical practices. These disorders include gastro-esophageal
reflux disease (GORD), peptic ulcer disease, and stress-related
erosive syndrome. The effective management of these
acid-related disorders is successful suppression of gastric acid
production [1]. The commonly used medications to treat the
acid-related disorders include antacids, H2-receptor antago-
nists (H2RAs), and proton pump inhibitors (PPIs).

The PPIs are the most important group of drugs whose
main action is a pronounced and long-lasting reduction of

gastric acid production. The PPIs are present in the field of gas-
troenterology since from the past 15 years and they are the most
potent inhibitors of acid secretion [2]. They are much more ef-
fective than H2RAs in the management of GORD [3] and peptic
disease [4]. The PPIs are working by undergoing acid-catalyzed
conversion to reactive species, which are permanent cations.
These reactive species then bind covalently to H+, K+-ATPase,
causing irreversible inhibition of the final step in gastric acid
secretion [1]. There are only a few commercially available PPIs
at worldwide; among those, pantoprazole is one of the most
important PPIs for treatment of acid-related problems.

Pantoprazole, 5-(difluoromethoxy)-2-{[(3,4-dimethoxy-2-
pyridyl)methyl]sulfinyl}-1H-benzimidazole, is a highly gas-
tric potent PPI being used in the treatment for disorders of
gastric acid hyper secretion, ulcer disease, relief of symptoms,
and healing of lesions in gastro-esophageal reflux disease [5].

Pantoprazole is the third PPI marketed in 1995 [6, 7] and is
very effective against acid-peptic diseases such as duodenal
and gastric ulcers, reflux esophagitis, and Helicobacter pylori
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eradication. It controls gastric acid secretion by inhibition of
gastric H+, K+-ATPase, i.e., the enzyme responsible for final
step in secretion of hydrochloric acid by gastric parietal cells
[8, 9]. The pantoprazole was introduced as an alternative to
anti-histamines, since those have more side effects when ad-
ministered against for the treatment of gastrointestinal ulcers
[10]. During the research, it has been revealed that there are no
significant differences between pantoprazole and other PPIs in
the rate of endoscopic healing of reflux esophagitis after
8 weeks [11], in upper gastrointestinal hemorrhage induced
by hypertensive encephalorrhagia [12], and in regard to trans-
fusion units, death, surgery, and rebleeding [13]. However,
there is a difference in pharmacokinetic and pharmacodynamic
profiles that might influence their clinical utility.

The methods used for its assay determination in pharmaceu-
tical formulations and in biological samples involve
high-performance liquid chromatography [14–19], capillary
electrophoresis [20], spectrophotometry [21–23], and
potentiometry [10]. However, these methods have several dis-
advantages such as high-cost, long analysis time, lengthy pro-
cedures for sample preparation, low sensitivity, less selectivity,
and in some cases make them unsuitable for routine analyses
[24]. Recently, electrochemical techniques have been widely
explored for the determination of biologically important mole-
cules in regular clinical and industrial applications because of
their advantages of high sensitivity, less time-consuming, and
low costs over other analytical methods [25]. Since
pantoprazole is an electroactive molecule, it can be determined
using electroanalytical techniques. However, at traditional elec-
trode surface, pantoprazole exhibits sluggish voltammetric re-
sponse. Hence, considerable efforts have been devoted to de-
velop chemically modified electrodes (CMEs) to enhance the
voltammetric response and analytical performance for the de-
tection of electroactive organic compounds, since CMEs have
the ability to catalyze the electrode processes through (i) a sig-
nificant decrease in over-potential and (ii) a selective interaction
of electron mediator with the target analyte [26, 27]. Thus, the
development of novel, simple, sensitive, and cost-effectivemod-
ified electrodes for investigation of pantoprazole present in phar-
maceutical formulations and biological samples is of great im-
portance. In the literature, there are very few electrochemical
methods reported for the determination of pantoprazole, such
as hanging mercury drop electrode (HMDE) [27, 28], glassy
carbon electrode, ex situ plated antimony film electrode, and
carbon paste electrode (CPE) [28, 29].

Recently, the electrochemical methods have established a
considerable attention in the field of pharmaceutical analysis
as well as biologically important molecules due to their sig-
nificant advantages and extensive applications. The methods
have attracted enormous interest due to their advantages of
simplicity, rapid response, excellent reproducibility, good sta-
bility, sensitivity, and low cost and also these techniques
attained reasonable accuracy and precision. Moreover, during

the analysis from these methods, there is no need for deriva-
tization or time-consuming extraction steps over other tech-
niques [30]. Further, the electrochemical methods offer the
practical advantages including wide linear concentration
range, low expense of instrument, possibility of miniaturiza-
tion, suitability for real-time detection, and less sensitivity to
matrix effects in comparison with separation and spectral
methods [31]. Therefore, it is essential to develop a better
and more significant method for the routine analysis of bio-
logically important molecules. Hence, in recent years, the
electrochemical method has attracted wide attention and plays
a crucial role.

Nowadays, electrochemical sensors and biosensors for
pharmaceutical, food, agricultural, and environmental analy-
ses have been growing rapidly due to electrochemical behav-
ior of drugs and biomolecules and partly due to advances in
electrochemical measuring systems. The merger between fast,
sensitive, selective, accurate, miniaturizable, and low-cost
electrochemistry-based sensing and fields like proteomics,
biochemistry, molecular biology, nanotechnology, and phar-
maceutical analysis leads to the evolution of electrochemical
sensors [32].

Since the first report of electrode modification through the
chemical approaches in 1979, it is still a field of paramount
importance and an open area of research in modern
electrochemistry. This is because the use of bare electrodes for
the electrochemical determinations has a number of limitations,
such as low sensitivity, poor reproducibility, slow
electron-transfer kinetics, low stability over a wide range of
solution compositions, and high overpotential at which the
electron-transfer process occurs [33]. Hence, a major attention
has been focused on the development of CMEs during the last
few decades and they exploit the ability of certain surface-bound
redox mediators to enhance the electron-transfer kinetics and
thus lower the operating potentials. Therefore, relatively large
amounts of electrochemical researches have been devoted to the
development and applications of different types of CMEs.

The chemical modifications of bare electrodes with a suit-
able electroactive species offer significant advantages in the
design and development of electrochemical sensors. In prac-
tice, the modification of electrode surface has been tried to
reducing the overvoltage and overcoming the slow kinetics
of many electrode processes. A further advantage of CMEs
is that they are less prone to surface fouling and oxide forma-
tion compared to inert substrate electrodes and also they can
able to separate the electroanalytical signals of solution com-
ponents [34]. Presently, the CPEs are widely utilized to per-
form the electrochemical investigations of a variety of biolog-
ical and pharmaceutical species owing to their low residual
current and noise, ease of fabrication, wide anodic and cathod-
ic potential ranges, rapid surface renewal, and low cost.
Moreover, the CMEs can be easily prepared with by adding
different substances to the bulk of CPEs in order to increase
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efficiency of electrochemical sensor with low cost towards the
electrochemical investigations of biologically important mol-
ecules [30].

At present, among various modifiers, the carbon microtu-
bules also known as carbon nanotubes (CNTs) in 1991 by
Iijima [35] are gaining popularity in the modern electrochem-
istry as they are offering unique mechanical and electronic
properties and chemical stability as the CNTs display intrinsic
properties that include extremely large surface area, high me-
chanical strength, high electrical conductivities, and their in-
herent size and hollow geometry, which make them extremely
attractive as substrates for heterogeneous catalysis and the
subtle electronic properties suggest that CNTs have the ability
to promote electron transfer rate [30, 36]. This is because of
pentagonal defects and extra dimensional curvature present at
the tips that can enhance the electron transfer rates and hence,
the electrochemical sensors based on CNTs are proved to have
excellent electrochemical properties, such as wide potential
window and small background current, and also which
showed very stable electrochemical behaviors, it could be
used to catalyze the electrochemical reaction of some organic
and bio-molecules [37].

Therefore, at present, the nanotechnology has become one
of the most exciting fields at the forefront of analytical chem-
istry. Awide variety of nanomaterials, especially nanoparticles
with different properties, have found a broad array of applica-
tions in different types of analytical methods. Owing to their
small sizes (1–100 nm), the nanoparticles exhibit unique
chemical, physical, and electronic properties that are different
from those of bulk materials, and they can be used to construct
novel and improved sensing devices, in particular electro-
chemical sensors which lead to growing interest in developing
a new enhanced material and designing novel sensors with
controlled features on a nanometric scale. Therefore, the inte-
gration of nanotechnology with electrochemistry is expected
to produce major advances in the field of electrochemical
sensors [38].

To the best of our knowledge, there are no reports on the
usage of single-walled carbon nanotubes-modified carbon
paste electrode (SWCNTs/CPE) for the electrochemical inves-
tigation of pantoprazole. Hence, in this article, development of
SWCNTs/CPE for the electrochemical investigation of
pantoprazole present in pharmaceuticals and biological

samples using cyclic voltammetry (CV) and square wave volt-
ammetry (SWV) has been presented Scheme 1.

Experimental

Chemicals and reagents

Pantoprazole was procured from Sigma-Aldrich, Bangalore,
Karnataka, India, and used as received without purification. A
stock solution of 1 μM pantoprazole was prepared in PBS of
pH 7.0. The tablets containing pantoprazole content such as
Pentab-20 mg and Pantozec-40 mg were purchased from local
pharmaceutical shops, Shivamogga, Karnataka, India. The po-
tassium di-hydrogen phosphate (KH2PO4) and di-potassium
hydrogen phosphate (K2HPO4) were procured from Merck,
Mumbai, India. Potassium ferricyanide (K3[Fe(CN)6])
was procured from Merck, Darmstadt, Germany. All the
chemicals used were of analytical grade. The 0.2 M PBS
was prepared and pH of the solutions was adjusted either
by using H3PO4 or NaOH. All the reagents were prepared
using double-distilled water.

Instrumentations

Electrochemical measurements were performed using electro-
chemical workstation (CHI660D, CH Instruments, USA) pro-
cured from Sinsil International, Bengaluru, Karnataka, India,
and all the experiments were conducted in a standard
three-electrode assembly, incorporating CPE or SWCNTs/
CPE as working electrode, platinum wire as auxiliary elec-
trode, and Ag/AgCl as reference electrode. The surface mor-
phology of the modified electrode was analyzed by field emis-
sion scanning electron microscope (model: VEGA3
TESCAN) procured from Bangalore, India.

Analytical procedure

A stock solution of 1μMpantoprazole was prepared by dissolv-
ing the required quantity of drug sample in 0.2MPBS of pH 7.0
and CVs were recorded at sweep rates ranging from 10 to
170mV s−1 with an initial sweep towards the positive potentials.
A SWV technique was used for the determination of
pantoprazole and optimized SWV parameters are as follows:
initial potential (E) + 0.6 V s−1, final potential (E) + 1.3 V s−1,
square wave amplitude (Esw) 0.01 V, square wave frequency ( f )
15 Hz, and quiet time of 2 s.

Preparation of electrodes (CPE and SWCNTs/CPE)

The CPE was prepared by mixing pure graphite powder with
binder oil (mineral oil) in the ratio 80:20w/w. Themixture was
uniformly ground using pestle and mortar for a period of
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Scheme 1 Structure of pantoprazole
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30 min. After homogenization, the resultant mixture was
packed carefully without air gap in a glass tube of 3 mm inner
diameter and a height of 6 cm. A copper wire was inserted to
establish electrical contact. The surface of the electrode was
renewed each time with butter paper. Similarly, the SWCNTs/
CPEs were prepared using same procedure in addition to dif-
ferent concentrations of modifier (SWCNTs).

Preparations of pharmaceutical formulations

Pharmaceutical tablets containing pantoprazole such as
Pantozec-40 mg and Pentab-20 mg were powdered separately.
A suitable quantity of Pantozec-40 mg (10.85 mg) and
Pentab-20 mg (20.96 mg) tablet powders were separately
placed in 10-ml conical flasks. To the flask, about 5 ml of
the PBS (pH 7.0) was added and sonicated for about 10 min
at room temperature. The sonicated volumes of the flasks were
making up to the mark using same PBS and sonicated once for
about 20 min in order to achieve complete dissolution. The
resultant solutions were filtered off using Whatman filter pa-
per and used for the electrochemical studies.

Sample preparations of real matrices

Three real samples such as human serum and two different
urine samples were collected from patients undergoing a treat-
ment with Pantozec-40 mg (pantoprazole) at Kuvempu
University Health Centre, Shivamogga, Karnataka, India,
and the collected samples were used for the experiments im-
mediately at short periods. Before electrochemical measure-
ments, the collected serum sample was treated with 3mlmeth-
anol as protein precipitating agent and the precipitated pro-
teins were separated out by centrifugation for about 10 min
at 10,000 rpm using REMI cooling centrifuge (model no.
C-24PLUS Sr. No. 5330). The supernatant layer was filtered
off through a 0.45-μm Millipore filter to obtain a protein-free
serum sample. The urine samples of two different individuals
were centrifuged separately at 10,000 rpm for about 10 min
and the resultant solutions were filtered off using Whatman
filter paper separately and used for further electrochemical
studies.

Results and discussion

Surface morphology of CPE and SWCNTs/CPE

Scanning electron microscope (SEM) is a powerful tool to
characterize the surface morphology of different composites.
The surface morphology of CPE and SWCNTs/CPE were
compared with each other. Figure 1a, b depicts the morpholog-
ical features of CPE and SWCNTs/CPE, respectively. Figures
showed a significant difference in the surface morphology of

the electrodes. The SEM profile of CPE (Fig. 1a) shows porous
and irregular flake-like structures of graphite powder. Also it is
evident that the CPE is heterogeneous in nature with many
cavities [39]. However, the surface morphology of modified
SWCNTs/CPE shows a uniform distribution of SWCNTs with
graphite powder (Fig. 1b) and forms a uniform surface with
smaller number of cavities.

Electrochemical behavior of K3[Fe(CN)6] at CPE
and SWCNTs/CPE

The K3[Fe(CN)6] is an important and valuable probe to verify
the modification of electrodes as electrochemical behavior of
K3[Fe(CN)6] varies with various electrodes. Therefore, the
study of electrochemical behavior of K3[Fe(CN)6] at unmod-
ified (CPE) and modified electrodes (SWCNTs/CPE) is very
significant. Figure 2a depicts the CVs for blank solution
(curve a) and 1 mM K3[Fe(CN)6] in 0.1 M KCl solution at
CPE and SWCNTs/CPE (curves b and c, respectively). From
Fig. 2a, it is evident that K3[Fe(CN)6] exhibits a poor electro-
chemical performance at CPE with large peak-to-peak poten-
tial separation (ΔEp) of 277 mV vs. Ag/AgCl electrode and
broad wave shape. However, at the surface of SWCNTs/CPE,
the electrochemical behavior of K3[Fe(CN)6] shows a signif-
icant improvement. A reduction in the value ofΔEp (163mV)
with subsequent increase in the magnitude of peak current
clearly indicates that there could be a better reversible charge
transfer process at SWCNTs/CPE. A better electrocatalytic
activity at the surface of SWCNTs/CPE is attributed to the
presence of SWCNTs, which increase the active surface area
of the electrode and hence increased the rate of charge transfer
reactions at modified electrode surface [40].

Electrochemical impedance spectroscopy (EIS) is another
effective and significant technique to verify the characteristic
surface modification features of different electrodes. The EIS
plays a crucial role in studying the electrical conductivity,
capacitance, and determination of electrochemical behavior
of electrode surface in the modification processes [41].
Thus, EIS has been applied for the study of interfacial prop-
erties of CPE and SWCNTs/CPE using 1 mMK3[Fe(CN)6] in
0.1 M KCl. Figure 2b illustrates the results of EIS for unmod-
ified CPE and modified SWCNTs/CPE electrodes. In Nyquist
plots, diameter of the semicircle at higher frequencies presents
interfacial electron transfer resistance and the linear portion at
low frequencies corresponds to diffusion process [42, 43]. The
inset in Fig. 2b shows the Randles equivalent circuit in which
Rs represents resistance of electrolyte, and Cdl and Rct repre-
sent double-layer capacitance and charge resistance at
electrode/electrolyte interface, respectively. From Randles
equivalent circuits, the Rct values for unmodified CPE and
modified SWCNTs/CPE are found to be 27.57 and 7.42 kΩ,
respectively. The unmodified CPE exhibits a large semicircle
with high Rct value, whereas the modified SWCNTs/CPE
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shows a small semicircle with low Rct value (within the inter-
facial layer). Therefore, the electron transfer apparent rate con-
stant (kapp) can be determined by applying the equation:

kapp ¼ RT=F2RctC

where R is universal gas constant in J K−1 mol−1, T is absolute
temperature in K, F is Faraday’s constant in C mol−1, and C is
concentration in mM of K3[Fe(CN)6] solution. The calculated
kapp values for the unmodified and modified electrodes are
found to be 9.65 × 10−9 and 3.57 × 10−8 cm s−1, respectively.
Therefore, the high kapp and low Rct values for the modified

SWCNTs/CPE are an indicative of faster electron transfer
process at the surface of modified electrode. The surface in-
homogeneity (n) of SWCNTs/CPE and CPE were found to be
0.8353 and 0.9173, respectively. Lower value of surface inho-
mogeneity for SWCNTs/CPE indicates high heterogeneous
nature of the modified electrode as compare to unmodified
electrode (also observed in Fig. 1a, b).

The active surface area (A) of CPE and SWCNTs/CPE
electrodes is determined using CV technique using 1 mM
K3[Fe(CN)6] in 0.1 M KCl solution at different scan rates
using the Randles-Sevcik for a reversible process.

ip ¼ 2:69� 105
� �

n3=2ADo
1=2C*

oυ
1=2

where ip is anodic peak current in A, n is number of electrons
transferred, A is surface area of the electrode in cm2, Do is
diffusion coefficient in cm2 s−1, υ is scan rate in V s−1, and

C*
o is concentration of K3[Fe(CN)6] in mol L−1. For

1 mM K3[Fe(CN)6] in 0.1 M KCl solution, n = 1 and
Do = 7.6 × 10−6 cm2 s−1; then from the slope of the plot of ipa
vs. υ1/2, the active surface area of the electrode is calculated.
The active surface areas of CPE and SWCNTs/CPE are found
to be 0.0116 and 0.0197 cm2, respectively.

The surface concentration (Γ) of electroactive species was
determined using the slope of plot of ip vs. υ [44]. The Γ has
been calculated using the formula ip = n2F2υAΓ/4RT, where n
is number of electrons transferred, F is Faraday’s constant
(C mol−1), A is area of the electrode (cm2), Γ is surface concen-
tration of the analyte (mol cm−2), and υ is scan rate (V s−1). The
surface concentration (Γ) of pantoprazole is found to be 1.91 ×
10−10 and 1.17 × 10−11 mol cm−2 for SWCNTs/CPE and CPE,
respectively. The higher value for SWCNTs/CPE clearly proves
that the presence of single-walled carbon nanotubes increases the
surface concentration of pantoprazole at SWCNTs/CPE.

Influence of modifier concentration (SWCNTs)

The mixing of carbon paste with some selective adsorptive
species (modifiers) remarkably increases the sensitivity of

Fig. 1 Scanning electron
microscope images of a CPE and
b SWCNTs/CPE

Fig. 2 a CVs of (a) blank (0.1 M KCl) solution at SWCNTs/CPE, (b)
1 mM K3[Fe(CN)6] in 0.1 M KCl solution at CPE, and (c) SWCNTs/
CPE; scan rate 50 mV s−1. b EIS: (a) CPE and (b) SWCNTs/CPE using
1 mM K3[Fe(CN)6] in 0.1 M KCl solution; frequency range: 10 kHz–
0.1 Hz. Inset: Randle’s equivalent circuit
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the CPEs [45, 46]. In the present study, single-walled carbon
nanotubeswere tested asmodifiers, because of their good adsorp-
tive properties [47]. The effect of modifier concentrations
(SWCNTs) towards the determination of pantoprazole has been
studied using 1 μM pantoprazole in PBS of pH 7.0. Figure 3
illustrates the electrochemical response of 1 μM pantoprazole in
0.2M PBS of pH 7.0 at various wt% of SWCNTs [(2.5, 5.0, 7.5,
10.0, 12.5, 15, and 17.5 mg) (a–g)]; scan rate of 100 mV s−1;
inset: effect of wt% of SWCNTs in CPE on anodic peak current
of 1μMpantoprazole at a scan rate of 100mV s−1. The optimum
modifier concentration should give the highest peak current, good
resolution, and the longest distance from discharging current of
the background [45, 48]. From Fig. 3, it is seen that a concentra-
tion of 5 wt% of SWCNTs/CPE (12.5 mg of SWCNTs) gives a
highest peak intensity values in contras, to other concentrations of
SWCNTs electrodes. This may be due to the fact that CPEwith a
modifier concentration of more than 5 wt% gives resistive
voltammetric signals [49]. The modifier (SWCNTs) also influ-
ences the oxidation potential values. Therefore, based on the
above observations, the electrode with 5 wt% of SWCNTs has
been selected as the optimum concentration for development of
SWCNTs/CPE as a sensor for better electrochemical investiga-
tion of pantoprazole in the present study.

Electrochemical response of pantoprazole at CPE
and SWCNTs/CPE

The electrochemical behavior of pantoprazole at CPE and
SWCNTs/CPE has been studied by CV in potential range of
0.8–1.2 V at scan rate of 100 mV s−1. Figure 4a illustrates the
electrochemical behavior of 0.2 M PBS of pH 7.0 (blank solu-
tion) at SWCNTs/CPE (curve a) and 1μMpantoprazole at CPE
(curve b) and SWCNTs/CPE (curve c) with scan rate of
100 mV s−1 (vs. Ag/AgCl). It is found that there are no observ-
able redox peaks for 0.2 M PBS of pH 7.0 (blank solution) at
CPE and SWCNTs/CPE, which indicate the electrochemical
inactivity of the electrode towards PBS in the applied potential
range [50]. Whereas in the same analytical medium, the

pantoprazole gives irreversible oxidation peaks at CPE and
SWCNTs/CPE in the applied potential range. The pantoprazole
at CPE (curve b) showed poor electrochemical response. It
oxidizes irreversibly at 1.12 V vs. Ag/AgCl with small peak
current and broad peak shape. The pantoprazole at SWCNTs/
CPE (curve c) in the same experimental conditions showed a
better electrochemical performance as compare to that of CPE.
At SWCNTs/CPE, the pantoprazole gave well-defined irrevers-
ible oxidation peak at 1.09 V vs. Ag/AgCl with a remarkable
increase in peak current which is about twofold higher than that
of CPE. The increase in oxidation peak current is attributed to
the enhancement of electrode surface area due to the presence
of SWCNTs (modifier) on the modified electrode SWCNTs/
CPE. This increases conductivity and facilitates electron trans-
fer between the analyte and electrode surface. However, during
successive CVs, there is a decrease in the oxidation peak cur-
rent at SWCNTs/CPE. Figure 4b illustrates the successive CVs
of 1 μM pantoprazole in 0.2 M PBS of pH 7.0. The decrease in
the oxidation peak current as the number of successive sweeps
is ascribed to the adsorption of oxidation product of
pantoprazole on the surface of modified electrode, which leads
to the saturation of active surface area of the electrode [51].
Hence, to achieve more accuracy and precession, the voltam-
mograms corresponding to the first cycle were recorded.

Fig. 4 a Depicts the CV(a) of 0.2 M PBS at SWCNTs/CPE, CV (b) of
1 μM pantoprazole at CPE, and (c) SWCNTs/CPE in 0.2 M PBS of pH
7.0; scan rate of 100 mV s−1. bDepicts the successive CVs (10 cycles) of
1μMpantoprazole at SWCNTs/CPE in 0.2MPBS of pH 7.0; scan rate of
100 mV s−1

Fig. 3 Illustrates the effect of wt% of SWCNTs in CPE on oxidation peak
current of 1 μM pantoprazole; scan rate of 100 mV s−1
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Effect of pH

The influence of pH on electro-oxidation of pantoprazole has
been studied as the pH of a solution strongly influences the
shape of voltammograms. Therefore, in the present system,
the effects of pH ranging from 3.0 to 10.0 are studied by
CVs. The peak current (ip), peak potential (Ep), and shape of
the peak are significant in the estimation of an electroactive
compound. Figure 5a illustrates the effect of pH of the solu-
tions on oxidation peak current (ip) of pantoprazole at
SWCNTs/CPE. The result showed that the pantoprazole
shows the maximum peak current with well-defined oxidation
peak at pH 7.0. Therefore, an optimum pH 7.0 is used for
further electrochemical studies of pantoprazole. Similarly,
the influence of solution pH on oxidation peak potential has
been studied. It has been noticed that the peak potential (Ep)
shifted to a less positive value with increase in solution pH
from 3.0 to 10.0. Figure 5b illustrates the relationship between
solution pH and the oxidation potential (Ep) of pantoprazole of
different pH solutions ranging from 3.0 to 10.0 at SWCNTs/
CPE. The oxidation potential (Ep) has been shifted to a less
positive value with increase in solution pH from 3.0 to 10.0,
which indicates the involvement of protons in the oxidation
process [52, 53]. The plot of Ep vs. pH shows a linear rela-
tionship between formal potential (E0) and pH of the solution.
The corresponding linear equation can be represented as

follows: Epa = 0.0453 pH (3.0–10.0) + (− 1.44356); R =
0.98277 vs. Ag/AgCl. In order to substantiate the percentage
of deviation of Ep values from linearity, the error bars have
been included and the deviation is well within 1.5%. Here, the
slope value of 45.3 mV/pH is close to anticipated Nernstian
value of 59 mV for electrochemical processes involving same
number of protons and electrons [41]. This suggests that the
processes involve the transfer of same number of protons
coupled to the same number of electrons [29, 54].

Influence of potential scan rate

The nature of electrochemical process at SWCNTs/CPE is
studied by CVs of 1 μM pantoprazole in 0.2 M PBS of pH
7.0 at scan rates of 10, 30, 50, 70, 90, 110, and 130 mV s−1.
The CVs of 1 μMpantoprazole in 0.2 M PBS at different scan
rates at SWCNTs/CPE are shown in Fig. 6a. The oxidation
potential (Ep) of pantoprazole shifts to a more positive poten-
tial with a subsequent increase in anodic peak current (ipa) as
the scan rate has been increased from 10 to 130 mV s−1. The

plot of square root of scan rate (υυ
1=2 ) vs. anodic peak current

(ipa) shows a linear relationship, indicating an electrochemical
behavior of diffusion-controlled process [55]. The corre-
sponding linear equation expressed as:

ipa μAð Þ ¼ 0:33904 υ
1=2

� �
þ 1:83372;R ¼ 0:98839:

Figure 6b illustrates the relationship between anodic peak
current (ipa) and square root of scan rate. The results clearly
indicate a diffusion-controlled electrochemical process of
pantoprazole at SWCNTs/CPE [56]. The error bars have been
included and the deviation is well within 2.5%. Similarly, the
plot of log ipa vs. log υ shows a linear relationship with cor-
responding equation as follows: log ipa (μA) = 0.25023 log υ
+ 0.20957; R = 0.98143, which provides further evidence for
the diffusion-controlled process of pantoprazole at SWCNTs/
CPE [57]. The error bars were inserted to notice the deviation
from the linearity and the deviation is within 1.5%.

A linear relationship is obtained between the oxidation po-
tential (Ep) of pantoprazole and logarithms of scan rates (log υ)
(Fig. 6c). The corresponding linear equation can be expressed
as follows: Ep (V) = 0.05134 log υ + 0.97274. The inserted er-
ror bars showed a deviation is well within 0.2%.

For irreversible electrode process, according toLaviron’s equa-
tion [58], the slope of Ep vs. log υ equals to 2.303RT/(1−α)nF
for anodic peak [59]. Therefore, on the basis of line slope, the
value of charge-transfer coefficient (α) and number of trans-
ferred electrons (n) have been calculated and found to be 0.57
and 2.16, respectively. Consequently, the standard rate con-
stant (k0) is determined using the following equation [60]:

Fig. 5 a The effect of pH (3, 4. 5, 6, 7, 8, 9, and 10) on the oxidation peak
current of pantoprazole (1 μM) at SWCNTs/CPE. b The effect of pH on
the oxidation peak potential of pantoprazole (1 μM) at SWCNTs/CPE
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Ep ¼ E0 þ 2:303RT
αnF

� �
log

RTk0

αnF

� �
þ 2:303RT

αnF

� �
log υ

where α is charge transfer coefficient, k0 is standard rate con-
stant of the reaction (s−1), n is number of electrons transferred,
υ is scan rate (mV s−1), R is universal gas constant
(J K−1 mol−1), F is Faraday’s constant (C mol−1), and
T is temperature (T = 298 K, R = 8.314 J K−1 mol−1, and
F = 96,480 C mol−1). The value of αn can be calculated from
the slope of Ep vs. log υ, and for the present system, it is
1.1517. Generally, the value of α is assumed to be 0.5 for an
irreversible electrode process; the number of electrons (n)
transferred in the electro-oxidation of pantoprazole is

calculated and found to be 2. The value of E0 is determined
from the intercept of the plot of Ep vs. log υ by extrapolation.
In the present work, intercept of the plot of Ep vs. log υ was
found to be 0.05134. Therefore, from the above equation, the
standard rate constant (k0) for the oxidation of pantoprazole
has been calculated as 1.07 s−1.

Square wave voltammetry

The square wave voltammetry (SWV) is a sensitive technique
which provides well-defined analytical peaks even at lower
concentrations of given analyte. The SWVs have the advan-
tages of low background current and improved resolution. The
major benefit is the cancelation of the capacitive current con-
tributions and the response is chiefly dependent on the param-
eters of the excitement signal [61].

Optimization of the SWV parameters

The SWVs of 5 × 10−7 M pantoprazole in PBS of pH 7.0 were
recorded at various experimental conditions. The variables of
interest were studied over 10–200 mV of pulse height,
5–200 Hz of frequency, 1–25 mV of scan increment,
and 1–20 s of quiet time. The results show that a pulse height
of 10 mV, frequency of 15 Hz, and scan increment of 4 mV
with a quiet time of 2 s are optimum parameters which reflect a
voltammogram of high sensitivity and good peak morphology.
Hence, these parameters are considered for further studies.

Square wave voltammetric determination of pantoprazole
at SWCNTs/CPE

Under the optimum experimental conditions, the SWV has
been adopted to study the anodic peak current response of
pantoprazole at SWCNTs/CPE in the applied potential range
of 0.6–1.3 V. Figure 7a illustrates a typical SWVs for different
concentrations of pantoprazole at SWCNTs/CPE. It is found
that the oxidation peak current (ip) of pantoprazole increases
linearly with the increase in concentration (C) of pantoprazole.
Therefore, the developed sensor is highly sensitive towards
the determination of pantoprazole.

Validation of the developed method

The validation of the proposed method has been demonstrated
with respect to electrochemical parameters such as linearity,
limit of detection (LOD), limit of quantification (LOQ), selec-
tivity, accuracy and precision, stability, reproducibility, robust-
ness, ruggedness, and analytical applicability to real samples.

Fig. 6 a The CVs of 1 μM pantoprazole at SWCNTs/CPE in PBS of pH
7.0 at different scan rates (a) 10, (b) 30, (c) 50, (d) 70, (e) 90, (f) 110, and
(g) 130 mV s−1. b The relationship between oxidation peak current with
square root of scan rate. c The relationship between oxidation peak po-
tential with logarithmic scan rate
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Linearity

The influence of concentration (C) of pantoprazole on oxida-
tion peak current (ip) has been investigated using the modified
SWCNTs/CPE. Figure 7b illustrates the influence of different
concentrations of pantoprazole in 0.2 M PBS of pH 7.0 at
SWCNTs/CPE. Under the optimized conditions, a very good
linear correlation is observed between the peak current (ip) and
concentration (C). A linear calibration range was obtained in
the concentration range of 10 × 10−9 − 400 × 10−9 M. The cor-
responding regression equation is expressed as:

ip μAð Þ ¼ 8:88254� 10−9C þ 1:4549� 10−6; r ¼ 0:99834

In order to substantiate the percentage of deviation of ipa
values from linearity, the error bars have been inserted and the
deviation is well within 1.5%.

Detection and quantification limit

The calibration curve data for detection of pantoprazole in
bulk solution are given in Table 1. LOD and LOQ have been
estimated using the linear calibration plot of peak current (ip)
vs. concentration (C) of pantoprazole and the expressions are
given by the following: kSDa/m, where k = 3 for LOD and 10

for LOQ, SDa is the standard deviation of blank runs of nine
trials, and m is the slope of the calibration plot (Fig. 7b). The
LOD and LOQ are found to be 4.9 × 10−10 and 1.64 × 10−9 M
of pantoprazole, respectively. The achieved LOD and LOQ
values from SWVs in the present work have clearly signified
the sensitivity of the proposed method. Therefore, in order to
substantiate the proposed method, the linear range and low
detection limits are compared with the reported values of lit-
erature and tabulated in Table 1. This wide linear range, low
detection and quantification values can be ascribed to the ef-
fect of SWCNTs, which provides a large surface area to in-
crease the loading amount of pantoprazole from bulk solution.
Meanwhile, increased electron transfer rate and amplified
electrochemical signal at the electrode surface lead to good
electric conductivity at SWCNTs/CPE as compare to that of
CPE.

Stability of SWCNTs/CPE

To evaluate the stability of the developed sensor, it was placed
in a PBS of pH 7.0 containing 5 × 10−7 M pantoprazole for
10 days and voltammograms were recorded and compared
with the voltammograms obtained at regular intervals for the
same sensor. The peak current (ip) decreases by 1.2% indicat-
ing a good stability of the developed sensor. The sensor is
found to retain 99.7% of its initial peak current response for
a concentration of 5 × 10−7 M at the end of 60 days, which
shows a long-term storage stability of the sensor. Thus, the
results indicate a good stability of the sensor towards determi-
nation of pantoprazole present in aqueous medium.

Specificity

The analyses of pharmaceutical and physiological samples by
electrochemical methods using electrochemical sensors may
be affected by some of interfering substances, which may
affect the specificity of the sensors. The specificity of a sensor
is defined its ability to measure the electrochemical response
of an analyte (ip and Ep) in presence of some common inter-
fering substances. Hence, specificity of the developed sensor
towards the determination of pantoprazole is evaluated in
presence of some probable interfering substances such as
ascorbic acid, uric acid, glucose, alanine, tryptophan, glutamic
acid, tyrosine, phenylalanine, Na+, K+, Ca+, and Mg+. The
results show that the presence of interfering substances do
not affect the determination of pantoprazole even when the
concentrations of the interfering substances were tenfold
higher than pantoprazole. The results clearly indicate that the
developed SWCNTs/CPE has good efficacy towards the elec-
trochemical investigation of pantoprazole in presence of prob-
able interfering substances. Thus, the proposed procedure
using SWCNTs/CPE is considered specific and can be

Fig. 7 a SWVs of pantoprazole at SWCNTs/CPE in PBS at pH 7.0. [PPZ]
(1) blank, (2) 10 × 10−9 M, (3) 15 × 10−9 M, (4) 20 × 10−9 M, (5) 25 ×
10−9 M, (6) 30 × 10−9 M, (7) 40 × 10−9 M, (8) 50 × 10−9 M, (9) 60 ×
10−9 M, (10) 100 × 10−9 M, (11) 200 × 10−9 M, (12) 300 × 10−9 M, (13)
400 × 10−9 M; scan increment, 4 m; frequency, 15 Hz, pulse height 10 mV,
and quiet time, 2 s. b Calibration plot of ip (μA) vs. [PPZ] in PBS of pH 7.0
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successfully applied for electrochemical determination of
pantoprazole present in aqueous samples.

Accuracy and precision

The accuracy and precision of the proposed method is verified
by performing five replicate measurements for 5 × 10−7 M
pantoprazole on a single day (intra-day assay) and after 5 days
(inter-day assay). The intra-day precision of the method yields
a relative standard deviation (RSD) of 1.5%. During real sam-
ple analysis, a good recovery percent is observed in the range
of 98.32 to 101.96%, which indicates an excellent accuracy of
the proposed method. Further, the inter-day precision is also
investigated by measuring peak current (ip) response of the
same solution (5 × 10−7 M pantoprazole) after a period of
5 days and the RSD is found to be 1.9% which clearly indi-
cates a good reproducibility of present method. Hence, this
method can be applied for the determination of pantoprazole
present in aqueous samples.

Robustness

The robustness has been evaluated by introducing small varia-
tions in some of the important variables, such as
pre-concentration potential, time, and pH. The results provide
a reliability of the proposed method for the estimation of
pantoprazole and hence it can be considered as robust. Themean
percentage recoveries based on an average of five replicate mea-
surements are not significantly affected within the studied range
of variations of experimental parameters, and consequently, the
proposed method can be considered as robust.

Ruggedness

Ruggedness is defined as the degree of reproducibility of re-
sults obtained by analysis of same sample under variety of
normal test conditions such as different laboratories and dif-
ferent lots of reagents, under the same operational conditions

at different elapsed time. The method is found to be rugged
with the results of variation coefficients 1.95 and 2.61% for
SWV method. Therefore, the results prove no statistical dif-
ferences between different sets of experiments.

Comparison of analytical performance of present
method with literature

A comparison between the analytical performance of
SWCNTs/CPE towards determination of pantoprazole and
previously reported methods is given in Table 1. The statistics
have evidenced that SWCNTs/CPE has superior analytical
performance with respect to LOD, wide linear range, selectiv-
ity, sensitivity, stability, and reproducibility over other report-
ed methods. In addition, the present method is simple, low
cost, and easy to perform.

Analytical applications

Analysis of pharmaceutical formulations

The analytical applicability of the proposed method was illus-
trated by the determination of pantoprazole present in pharma-
ceutical formulations such as Pantab-20 and Pantozec-40 tablets.
The stock solutions were prepared as explained in the experi-
mental section BPreparations of pharmaceutical formulations^
and used for the studies. The SWVs were recorded under the
optimized experimental conditions for Pantab-20 and
Pantozec-40 tablet formulations and correlated with the

Table 1 Comparison of
analytical parameters of several
modified electrodes for the
determination of pantoprazole

Electrodes Techniques Dynamic linear rage
(M L−1)

Limit of detection
(μM L−1)

References

MIP DPV 5.0 × 10−6–700 × 10−6 3.75 × 10−7 [5]

GCE/SbFE SWV 9.0 × 10−6–2.0 × 10−4 9.1 × 10−7 [9]

GPEM/ppy-PTZ Potentiometric 1.0 × 10−5–1.1 × 10−2 6.9 × 10−6 [10]

GCE DPV 6.0 × 10−6–8.0 × 10−4 4.0 × 10−7 [28]

HMDE SWV 3.5 × 10−7–5.8 × 10−5 1.1 × 10−7 [54]

HM DE Ads-SWV 1.0 × 10−9–5.0 × 10−8 5.0 × 10−10 [62]

– Spectrophotometric 5.78 × 10−6–92.5 × 10−4 1.13 × 10−6 [63]

SWCNT/CPE SWV 10 × 10−9–400 × 10−9 4.93 × 10−10 Present
work

Table 2 Determination of pantoprazole and evaluation of recovery
percent at SWCNTs/CPE in pharmaceutical formulations (n = 5)

Analyte Detected (nM) Added (nM) Found (nM) Recovery (%)

Pantab-20 177.11 50 226.79 99.36

Pantozec-40 162.93 50 213.91 101.96
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calibration plot of Fig. 7b. The additions of pantoprazole were
made using standard addition method and the results are tabulat-
ed in Table 2. The RSD of each sample for five parallel measure-
ments are less than 2.35%. The percentage recovery of Pantab-20
and Pantozec-40 tablet formulations is investigated and the re-
covery values are found to be 99.36 and 101.96%, respectively.
Thus, good percentage recovery values indicate that the determi-
nation of pantoprazole at SWCNTs/CPE is an effective method
and it can be successfully applied for the quantitative estimation
of pantoprazole in pharmaceutical formulations.

Analysis of pantoprazole in human serum and urine samples

In order to evaluate the validity and practical applicability, the
proposed method using SWCNTs/CPE has been applied for
the assay of pantoprazole present in real biological samples
such as human serum and urine samples. The aliquots of sam-
ples were centrifuged at ~ 10,000 rpm for about 10 min at
room temperature. The resultant samples were diluted to five
times using PBS of pH 7.0 and subjected to SWV analyses
under optimized parameters. The SWVs were correlated with
the calibration plot of Fig. 7b and the results are given in Table
3. The recovery percentage values for serum, urine sample-1,
and urine sample-2 are found to be 98.32, 101.66, and
99.16%, respectively. Therefore, the above values with good
recovery percentage clearly suggest that the proposed
voltammetric method using SWCNTs/CPE is free from inter-
ference of sample matrix and a reliable method for the estima-
tion of pantoprazole present in real biological samples.

Conclusions

In the present work, a novel and facile electrochemical sensor
has been developed for electrochemical investigation of
pantoprazole using square wave voltammetry. The prepared
sensor SWCNTs/CPE showed good electrocatalytic activities
with respect to pantoprazole oxidation compared to CPE. The
LOD and LOQ of pantoprazole at SWCNTs/CPE were found
to be 4.9 × 10−10 and 16.4 × 10−10 M, respectively. The pro-
posed sensor displayed reproducibility and highly stable per-
formance which was unsusceptible to some of the common,
biological, and metal ion interfering substances. The devel-
oped sensor exhibited excellent selectivity, sensitivity, and
repeatability towards the determination of pantoprazole.

Furthermore, the applicability of SWCNTs/CPE for real sam-
ple analysis was demonstrated successfully through the eval-
uation of pantoprazole present in pharmaceutical formulations
and biological fluids. Hence, the present work provided a
better possibility for the electrochemical investigation of
pantoprazole in clinical as well as in pharmaceutical fields.
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