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ABSTRACT: A chemically modified sensor based on the synergistic effect of graphene and polyaniline for electrochemical sensing of
calcium antagonist lercanidipine (LCP) has been developed. Scanning electron microscopy, electrochemical impedance spectroscopy,
square-wave voltammetry, and cyclic voltammetry were utilized to characterize the morphology and electroanalytical performance of
the fabricated sensor. Under optimized conditions, reduction peak current was linear over the wide concentration range from 5 to
125 ng mL ™" with correlation coefficient of 0.9998. The limit of detection and the limit of quantification were found to be 1.94 and
5.89 ng mL™". The developed sensor also exhibited good reproducibility and long-term stability. In addition, the proposed method
was successfully applied to the determination of LCP in pharmaceutical formulation which is proved by recovery studies. Graphene—
polyaniline composites are expected to be promising material for biosensing applications because of the ease of fabrication, excellent

electrochemical performance, and high electroactive surface area. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40959.
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INTRODUCTION

Electrochemical sensors are appealing as they have many poten-
tial applications in various fields, including environmental mon-
itoring of trace metals, clinical testing of toxic metals, medical
diagnosis, and routine analysis in food and pharmaceutical
industries.'™ Various nanomaterials have been explored such as
graphene, carbon nanotubes, conducting polymers, and metal
oxides for the modification of electrodes to enhance the sensi-
tivity and selectivity of the electrochemical sensor.®™2

In particular, polymer nanocomposites based on the conductive
polymers have been extensively studied. Out of various conduc-
tive polymers, polyaniline (Pani) has been considered for many
potential applications owing to its wide range of conductivity,
film-forming ability, low cost, facile synthesis, biocompatible
nature, and environmental resistance.'””™'® On the other hand,
graphene has also been become a material of choice owing to
its unique electronic properties, large surface-to-volume ratio,
high conductivity, and small band gap. The structure of gra-
phene is based on a single-atom-thick sheet of carbon atoms
those are densely packed in a honeycomb structure; its perfect
two-dimensional structure provides a large detection area. In
addition, graphene-based electrochemical sensors can also have
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a much higher sensitivity because of the low electronic noise
from thermal effect.'”** Graphene—polyaniline (Grp-Pani)
nanocomposite recently has been applied as electrochemical sen-
sors to realize the potential benefits of lower overvoltages,
higher currents, and enhanced electron transfer rates.**>°

Lercanidipine (Scheme 1) [2-[(3,3-diphenylpropyl) methyla-
mine]-1,1-dimethylethyl methyl 1,4-dihydro-2,6-dimethyl-4-(3-
nitrophenyl) —3,5pyridine carboxylic ester] (LCP) is a novel
dihydropyridine calcium antagonist which is used in the treat-
ment of hypertension, angina pectoris, and Raynaud’s syndrome
based on its selectivity and specificity on the smooth vascular
cells.”’

The review of the literature revealed that few methods have
been reported for the determination of the LCP in human
plasma and pharmaceutical formulation namely capillary elec-
trophoresis (CE), high-performance liquid chromatography
(HPLC), and liquid chromatography—mass spectrometry.”*~>°
However, these methods are expensive and require sophisticated
instrumentation, highly skilled personnel, and time-consuming
extraction procedures which restrict their use in routine analy-
sis. Among the most commonly used instrumental techniques,
electroanalytical approach is one of the choices owing to its
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Scheme 1. Chemical structure of LCP.

certain advantages, such as relatively low operational cost, mod-
erate or no sample preparation, no time consumption, high
sensitivity with selectivity, and its dynamic range offer.’'™>’
Electro-oxidation of LCP using voltammetric techniques has
been reported.***> However, there is no report available on the
study of electroreduction of LCP at Grp-Pani hybrid film sen-
sor. In the present voltammetric method, the detection limit is
found to be at the nanogram level and makes it more sensitive
than already reported methods.

EXPERIMENTAL

Chemicals and Reagents

Graphene (12 nm) was procured from Graphene Laboratories,
USA. All other chemicals used were of analytical reagent grade.
Aniline was distilled under reduced pressure prior to use and
other reagents were employed without further purification. LCP
(99% purity) was obtained from Glenmark Generics Anklesh-
war, India, and was used as received. Tablets containing LCP
(Lotensyl) labeled 10 mg were obtained from commercial sour-
ces. KCI (1.0 mol L™") solution was prepared in double-distilled
water and used as supporting electrolyte. A stock solution of
LCP (1.0 mg mL™") was prepared in N,N-dimethylformamide
(DMF). The solutions for recording voltammograms were pre-
pared by mixing appropriate volumes of stock solution, buffers,
and 1.0 mol L™" of KCL

Apparatus and Measurements

Electrochemical measurements were performed using a p
AUTOLAB TYPE II (Eco-Chemie B.V., Utrecht, The Nether-
lands) potentiostat—galvanostat with 757VA computrace soft-
ware. The Grp—Pani/glassy carbon electrode (GCE) was used as
working electrode, Ag/AgCl as reference electrode, and graphite
as auxiliary electrode. All the solutions examined by electro-
chemical techniques were purged for 15-20 min with purified
nitrogen gas after which a continuous stream of nitrogen was
passed over the solutions during the measurements. All the pH-
metric measurements were made on a Decible DB-1011 digital
pH meter fitted with a glass electrode, which was previously
standardized with buffers of known pH.

Synthesis of Pani Nanopowder

The Pani nanopowder was prepared by interfacial polymeriza-
tion method using ammonium persulfate as an oxidizing agent.
Typical synthesis consists of the following steps: (i) 1 mL of pre-
distilled aniline was dissolved in 50 mL of CCl, and labeled it
as Solution A. (ii) In brief, 450 mg of ammonium persulfate
was dissolved in 0.1M of camphor sulfonic acid and stirred
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until a homogenous solution is obtained and labeled it as Solu-
tion B. (iii) Then Solution A was added into the Mixture B
with vigorous stirring for 10 min by keeping it at temperature
(4-5°C) for 18-20 h. Polymerization reaction occurred at inter-
facial layer between two immiscible solvents. (iv) Then prepared
nanopowder was extracted by centrifugation, washed with
deionized water and ethyl alcohol for several times, and left it
overnight for drying at room temperature.’*®

Fabrication of Grp-Pani/GCE Hybrid Film Sensor

Prior to modification, the GCE was polished with 0.05-0.1 um
of alumina powder on soft microcloth pads and then rinsed
thoroughly with double-distilled water. Then, the electrode was
sonicated in deionized water, ethanol for 5 min to remove
adsorbed alumina particles on the electrode surface. Pani and
Grp (ratio, 1 : 2) were dispersed in DMF and sonicated for 60
min to give a suspension of 1 mg mL™". In total, 8 uL of the
above suspension was casted by micropipette onto the surface
of freshly polished GCE and dried at room temperature for
~20-30 min to obtain the Grp—Pani/GCE sensor. Similar sus-
pensions of individual 1 mg mL ™" of Pani and Grp were pre-
pared in DMF to obtain Pani/GCE, Grp/GCE sensors and were
used for comparative study. After each measurement, the modi-
fied sensors were regenerated by thoroughly washing the elec-
trode with double-distilled water.

RESULTS AND DISCUSSION

Characterization of the Sensor

Scanning Electron Microscopy. Figure 1 shows the changes in
morphology obtained by scanning electron microscopy (SEM)
for Pani, Grp, and Grp—Pani films. Individually, the layers of
Grp and Pani were observed as sheet and rod forms, respectively
[Figure 1(A, B)]. The surface morphology of the Pani film
changed considerably with the addition of Grp. Figure 1(C)
shows that the sheets of Grp appeared to be deposited within
the Pani layer. The Pani rods seem to be incorporated within
the edges of the Grp matrix.

Particle Size Analysis. The specific surface area and pore struc-
ture of the Pani nanopowder were determined by using surface
area and pore size analyzer (Micromeritics). The specific surface
area was calculated by Brunauer-Emmett-Teller (BET) equa-
tion.”® It was found that the BET surface area, pore volume,
and pore radius of the Pani nanopowder were 95.062 m?/g,
1.659 cc/g, and 15.271 A, respectively.

Cyclic Voltammetry. The cyclic voltammetric analysis with
redox reactions of Fe (CN))™ /Fe (CN):™ was used to evaluate
the electrochemical behavior of the bare GCE and modified
electrodes that is Pani/GCE, Grp/GCE, and Grp-Pani/GCE in
1.0 mM of K;Fe(CN)g solution at a scan rate of 100 mV s~ % It
is inferred that on scanning the potential from —0.2 to +0.8,
Grp—Pani/GCE electrode shows the remarkable increment in
current value as compared to the Grp/GCE, Pani/GCE, and bare
GCE electrodes (Figure 2). The significant increment in peak
current with decreasing potential clearly demonstrates that
Grp—Pani nanocomposite acts as an efficient electron mediator
for the study of redox species. The effective surface area of the
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Figure 1. Scanning electron micrographs of (A) Pani, (B) Grp, and (C)

Grp—Pani nanocomposite. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

modified electrodes can be determined using the Randles—Sevcik
equation.””

I, = (2.69%10°) /> A CyD}/*v'/? (1)

For K5Fe(CN)g, n=1 and D=7.6 X 10~° cm® S~'. From this
equation, the effective surface area (A) is proportional to the
value of IP/UI/Z. The effective surface areas of the bare and
modified GCEs were calculated from the Randles slope and are
summarized in Table I. It clearly demonstrates that the high

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

40959 (3 of 7)

CIENCE

-50.0u

-25.0u]

1/uA

25.0u

50.0u

75.0u

100w

0 200m  400m  600m  800m  1.00

Epvs. Ag/AgCl
Figure 2. Comparison of the cyclic voltammetric behavior at modified
electrode in 1.0 mM of K;Fe(CN)s (A) GCE, (B) Pani/GCE, (C) Grp/

GCE, and (D) Grp-Pani/GCE. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

sensitivity of Grp—Pani/GCE is owing to the combined influence
of Pani and Grp present in the matrix.

Electrochemical Impedance Spectroscopy. Electrochemical
impedance spectroscopy study was performed to evaluate the
charge-transfer resistance (Rcy) at the interface of electrodes
after surface modification. The electronic transfer properties of
the bare and modified GCEs were measured at AC amplitude of
0.01 V and scanning frequency from 0.1 to 100,000 Hz. Figure
3(A) shows the Nyquist plots of the bare GCE, Pani/GCE, Grp/
GCE, and Grp—Pani/GCE in 1.0 mM of K;Fe(CN)s containing
0.1M of KCL. By fitting the data using an appropriate equivalent
circuit [Figure 3(B)], the values of charge-transfer resistance
were determined (Table I). It clearly demonstrates that the
lower charge transfer resistance of Grp—Pani/GCE hybrid film
can be attributed to the excellent conductivity and the large sur-
face area. The decrease in the charge-transfer resistance can be
related to the electrode coverage and is given by the following
equation:

Table 1. Characterization and Performance Parameters of the Fabricated
Grp—Pani/GCE Hybrid Film Sensor

I (pA) (80 ng
-1

Working (1 mM KsFe(CN)g) mL~* LCP)
electrode Rer k@) A (cm?) SWV cVv
Bare GCE 27.9 1.0 x 1073 8.60 217
Pani/GCE 13.4 12x10°% 117 323
Grp/GCE 8.35 15x10°% 142 3.86
Grp-Pani/GCE ~ 2.32 19x10% 175 6.48
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Figure 3. (A) A Nyquist plots of 1.0 mM of K;Fe(CN)g at GCE (A, trian-
gle), Pani/GCE (A, cross), Grp/GCE (A, square), Grp—Pani/GCE (A,
circle), and (B) corresponding equivalent circuit. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(o) = & @
Where o is the apparent electrode coverage and R, and Rer
are the charge-transfer resistances measured at bare and modi-
fied GCE.*! In the equivalent circuit R, Ry, W, and Q represent
the solution resistance, charge-transfer resistance, the Warburg
impedance, and the constant phase element. A constant phase
element was used instead of the pure capacitance because of the
depression in the high-frequency semicircle and again the line
that appeared at low frequency is because of diffusion of the
electroactive species in the bulk of the solution.

Electrocatalytic Reduction of LCP at Grp—Pani/GCE

To investigate the voltammetric performance of Grp—Pani/GCE
hybrid film sensor, electrocatalytic reduction of LCP was carried
out by square-wave and cyclic voltammetry. Figure 4 shows
square wave voltammograms of LCP at bare GCE, Pani/GCE,
Grp/GCE, and Grp—Pani/GCE. To accomplish this purpose, the
electrochemical response of a solution of LCP (80 ng mL™")
was examined in the potential range from —0.2 to —1.6 V ver-
sus Ag/AgCl. LCP in Britton—Robinson (BR) buffer (pH =4.5)
exhibits a well-defined cathodic peak. The electrochemical
response is irreversible as no anodic peak is observed during the
reverse scan. It is inferred that the LCP currents obtained at
Grp—Pani/GCE are larger as compared to Pani/GCE, Grp/GCE,
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and bare GCE, indicating that the coexistence of Pani and Grp
in a hybrid film enhances the voltammetric performance of the
sensor. As the square-wave voltammetry (SWV) is more sensi-
tive than cyclic voltammetry, the detailed studies of LCP reduc-
tion are carried out using SWV.

Effect of Electrolyte and pH. The choice of the supporting elec-
trolyte is an important parameter in electroanalytical studies
because its composition and pH affect the properties of the solu-
tion as well as the electrode—solution interface.** In this study,
various buffers such as BR, acetate, and phosphate were used as
supporting electrolytes for the reduction of LCP at Grp—Pani/
GCE hybrid film sensor. LCP gave one well-defined cathodic
peak with respect to the signal enhancement and the symmetric
peak profile in BR-buffered solution. Effect of pH on the reduc-
tion of LCP was studied in the range of 2.5-12.0 at a constant
concentration (70 ng mL™') with same sensor. Optimum peak
current was achieved at pH 4.5; with the rise in pH, the peak
current decreases up to pH 6.5, afterward peak become vanished
which indicates the involvement of protons in the electrode pro-
cess, and finally dislocated in neutral as well as alkaline pH owing
to lower number of available protons [Figure 5(A)]. Thus, BR
buffer of pH 4.5 was selected for the study of LCP reduction.
The increase in pH shifted the LCP reduction potential toward
negative side which reveals that the pH of the supporting electro-
Iyte exerted a significant influence on the electroreduction of
LCP. The linear dependence of reduction peak potential on pH
can be expressed by the following relationship:

EP Ag )
— (vs. —% ) =-0.0562 pH —0.3755; r~ = 0.9966 (3)
\%4 AgCl
The observed slope of 0.056 V/pH clearly indicates that an
equal number of electrons and protons are involved in the
reduction of LCP.

Effect of Material Loading. The electrochemical behavior of
Grp-Pani-modified electrodes is capable of improving the
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Figure 4. Electrocatalytic effect of fabricated sensor toward the LCP
reduction. Square wave voltammograms, blank (curve a), at bare GCE
(curve b), Pani/GCE (curve ¢), Grp/GCE (curve d), and Grp—Pani/GCE
(curve e). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 5. Optimization of experimental conditions for the reduction of
LCP at Grp—Pani/GCE sensor including 5% of error bar graphs on three
replicate analyses. (A) Effect of pH. (B) Optimization of Pani-Grp con-
centration ratio. (C) Optimal loading of Pani-Grp nanocomposite at
GCE. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

kinetics of the electrode processes and sensitivity of the meas-
urements. These improvements are accompanied with a consid-
erable decrease of capacitive current, which causes the
enhancement of the detection limit in electroanalytical measure-
ments. For this purpose, square-wave voltammograms were
recorded at a fixed concentration of LCP (70 ng mL™") with
different concentrations ratio of Grp—Pani to prepare modified
Grp-Pani/GCE hybrid film sensor [Figure 5(B)]. As shown in
Figure 5(B), at concentration ratio of 1 : 2 (Pani-Grp) a rela-
tively high cathodic current is obtained.

Furthermore, the effect of different loadings of Pani—Grp hybrid
film on LCP reduction current was determined by the volume
of Pani—Grp (1 : 2) suspension casted onto GCE surface [Figure
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5(C)]. The reduction peak current, (I,) of LCP increases signifi-
cantly on increasing the loading of Pani—Grp suspension from 2
to 8 uL which confirms the enhancement of the kinetics of the
electrode process. However, the I, decreased when the amount
of Pani-Grp exceeded 8 pL. This is probably owing to the
increased thickness of the hybrid film which may block the
mass transport of LCP onto the Pani—Grp hybrid film. Thus, 8
pL is the optimized loading of Pani-Grp for the study of LCP
reduction. The resulting enhancement in the cathodic peak cur-
rent with the concentration of Grp—Pani suspension for the
LCP reduction makes the Grp—Pani hybrid film sensor very
suitable for the detection of the trace amounts of LCP.

Calibration Curve and Limit of Detection

Under the optimized conditions, applicability of the proposed
voltammetric procedure for the determination of LCP was
examined by measuring the cathodic peak current as a function
of concentration of LCP at Grp—Pani/GCE hybrid film sensor.
Figure 6(A) shows the systematic increase in the peak current
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40.0u
-30.0u
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Figure 6. (A) Overlapped square-wave voltammograms of LCP at different
concentrations: (a) blank solution, (b) 5 ng mL™Y, (¢) 20 ng mL~}, (d)
50 ng mL™Y, (e) 80 ng mL™% (f) 95 ng mL™!, and (g) 125 ng mL~% (B)
Linearity curve including 5% of error bar graph on three replicate analysis
of LCP at different concentrations. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. Comparison of Detection Limit of the Proposed Method with the Other Reported Methods
Method Detection limit (M) References
HPLC with UV detector 9.3 x 1077 Lueje et al.®®
HPLC with EC detector 7.5 %1077 Lueje et al.®®
Capillary electrophoresis 16 x10°° Christians and
Holzgrabe®®
Differential pulse voltammetry with drop- 93 x10°° Lueje et al.3*

ping mercury electrode
SWV with boron-doped diamond electrode

1.4 x 1071 (in supporting electrolyte)

Altun et al.3°

6.9 x 10710 (in serum)

SWV with Pani-Grp/GCE hybrid film sensor

31 x 10712

This article

values with an increase in the concentration of LCP in the range
from 5 to 125 ng mL ™' (8.17 X 10" '*—2.04 X 10 '°M) and
the peak current versus concentration plot [Figure 6(B)]
presents a good linearity for LCP reduction. Linear relationship
between peak current and concentration of LCP can be
expressed at modified sensor by the following equation:

I,(1A)=(0.1763)C+1.6980; r>=0.9998 (4)

where C is the concentration (ng mL ™ ') of LCP having correla-
tion coefficients of 0.9998. The detection and quantification
limits for modified sensor were calculated by using the formula
30/b and 100/b, respectively, where ¢ is the standard deviation
and b is the slope of regression line, and they were found to be
1.94 ng mL™" (3.17 X 107"2M) and 5.84 ng mL™"' (9.62 X
10~ "2M). Table II compares the detection limit of the proposed
method with the other reported methods. ******> As summar-
ized in Table II, it is clear that the proposed method is more
sensitive as compared to the previously reported methods.

Reproducibility, Stability, and Interference Study

The reproducibility of the sensor for the study of LCP reduction
was evaluated by measuring the electrocatalytic activity with
same concentration of LCP with five individual sensors. The rel-
ative standard deviation was found to be 3.36%, indicating a
good reproducibility of the proposed method. Stability of sensor
was examined by measuring the voltammetric current response
at intervals of 1-2 days, at fixed concentration of 70 ng mL ™"
LCP over a period of 1 week. The electrode was used daily and
stored at room temperature. The results showed that the current
response was 82% of its initial value after 1 week, which indi-
cated that the stability of the sensor was satisfactory for the
study of LCP reduction.

To examine the interference of excipients and specificity of the
proposed method in the optimized condition for the estimation
of LCP, the recovery experiments were carried out in the pres-
ence of excipients such as colloidal silicon dioxide, lactose anhy-
drous, and stearic acid or alternatively lactose, starch, silica
precipitated, talc, and magnesium stearate. For this purpose,
voltammograms were recorded with six replicates of LCP stand-
ard in the presence of excipients and interference of the exci-
pients was also studied by comparing the obtained peak current
values under optimized conditions. Recovery experiments for
LCP were performed in the range from 15 to 115 ng mL™'
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(Table III). The average recovery was found to be 98.94% which
indicates that the excipients have no significant interference
with the voltammetric determination of LCP. Thus, the pro-
posed procedure can be considered specific.

Analytical Application of Grp—Pani/GCE to Pharmaceutical
Formulation

To demonstrate analytical application, the Grp—Pani/GCE hybrid
film sensor was used for the voltammetric determination of LCP
in pharmaceutical formulation. To develop a voltammetric method
for determining LCP, the SWV was selected, because the peaks are
sharper and better defined at lower concentration of LCP than
those obtained by cyclic voltammetry, with a lower background
current, resulting in improved resolution. Voltammograms of LCP
showed a very well defined cathodic peak at BR buffer (pH = 4.5).
There was no need for any extraction step prior to the drug study.
The mean recovery of the drug in LCP tablets was found as
98.94%, showing no significant excipient interference, and thus the
developed procedure is able to quantify LCP in the presence of
excipients and hence it can be considered the specific method.
Thus, the present investigation revealed that the proposed method
is simple, specific, sensitive, and effective for the determination of
LCP at Grp—Pani/GCE hybrid film sensor.

CONCLUSIONS

In this study, a Grp—Pani hybrid film electrochemical sensor has
been developed. The proposed sensor exhibited an excellent
electrochemical performance toward the LCP reduction and
remarkably enhancing the reduction peak current of LCP in
comparison with Grp/GCE, Pani/GCE, and bare GCE. The
developed sensor was characterized by SEM, electrochemical
impedance spectroscopy, square wave, and cyclic voltammetry.
The obtained results showed that Grp—Pani/GCE hybrid film

Table III. Recovery Studies of LCP in the Presence of Excipients

Amount added® Amount found Recovery Relative standard

(ng mL™Y) (ng mL™Y) (%) deviation® (%)
15 14.82 98.81 1.82
55 5451 99.12 1.05
115 113.73 98.90 0.61

@Synthetic solutions of LCP with excipients.
®Number of replicates = 6.
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sensor exhibited excellent electrocatalytic activity, better repro-
ducibility, and low detection limit which can be attributed to its
larger effective surface area and greater electron transfer rate. In
addition, the high percentage of recovery also showed that the
compound is completely extracted from tablet formulation and
the results indicated that the proposed method is sensitive,
accurate, precise, and cost effective as well as time saving for
routine analysis in quality control laboratories. The large surface
area along with increased number of electron-transfer points of
Grp-Pani/GCE hybrid film sensor may offer a new approach for
developing novel types of highly sensitive and stable electro-
chemical biosensors.
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