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A novel carbon paste electrode utilizing a lisinopril molecule as a recognition element for the selective
determination of free Ca®" ions was developed. The fabrication of the sensor was established by the
covalent attachment of lisinopril to the surface of the MWCNTSs-NiO nanocomposite. The formed
composite was characterized by FT-IR, TEM, and XRD. This unique design has led to high selectivity
and stability of the studied carbon paste electrode. It revealed a Nernstian slope of 30.4 + 0.52 mV/decade
with wide linearity ranging from 1x102 mol L™ to 1x10® mol L*. The electrode showed high sensitivity
to Ca?* ion. The LOD was found to be 3.5x10° mol L. The proposed sensor was successfully applied
for the determination of Ca?* concentration in various media such as pharmaceutical tablets, tap water,
soil drainage water samples and human serum samples. The resulted recovery of the sensor was in the
range of 94.2% - 102.1% with acceptable precision and reproducibility.
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1. INTRODUCTION

Lisinopril (Lis) is (25)-1-[(2S)-6-amino-2-[[(2S)-1-hydroxy-1-ox0-4-phenylbutan-2-yl] amino]
hexanoyl] pyrrolidine-2-carboxylic acid, Fig. 1. It is an angiotensin-converting enzyme (ACE) inhibitor
that is used for the treatment of hypertension and congestive heart failure [1]. Chemically, the lisinopril
molecule has two carboxyl groups; prolyl COOH and central COOH that are dissociated at pH above 5.
This allows lisinopril to interact easily with metal ions, making it a good chelating agent. Lisinopril
coordinates to the metal ions as either monodentate or bidentate ligand or forms various coordinating


http://www.electrochemsci.org/
mailto:nehad.amin@gmail.com

Int. J. Electrochem. Sci., 16 (2021) Article ID: 210815 2

types at different pH values. In most complexation reactions, the central COOH group interacts easily
with the metal ions because of its high electron density [2-4].
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Figure 1. Chemical structure of lisinopril dihydrate

This promising chelating property of lisinopril makes it an attractive candidate to be applied for
the first time as an ionophore or a recognition element in a potentiometric solid-contact carbon electrode
matrix for the determination of Ca?* ion. Lisinopril has less affinity towards the lipids compared to the
aqueous phase (partition coefficient = 0.675) [5]. Therefore, the covalent attachment of the lisinopril to
the walls of the MWCNTSs minimizes its leakage from the electrode paste to the aqueous phase and
maintains the potentiometric response and the selectivity of the carbon paste electrode (CPE).

CPEs are sensors for aqueous solutions. They are sufficiently stable in water without undesirable
disintegration and dissolution as a consequence of the immiscibility of the paste with the aqueous
solution [6]. The plain CPE is formed of graphite powder mixed with a binder. Paraffin oil is the most
frequently chosen binder. It is of low electrochemical activity, low volatility and does not interfere with
the analytical signal of interest [7].

Conventionally, a sensor is composed of a transducer material and a recognition element. The
recognition element determines the selectivity and the transducer material is responsible for the
transduction of the recognition event into a sensor signal. Multi-wall carbon nanotubes (MWCNTS) are
considered as effective transducers in most of the electrochemical sensors. They have outstanding
mechanical and electrical characteristics because of their high electronic transport properties and charge
transfer capability. MWCNTS are incorporated into solid-contact ion-selective electrodes (ISES) giving
rise to potentiometric sensors with improved analytical performance [6]. Functionalization of MWCNTSs
with metal, metal oxide nanoparticles, and polymers such as FesO4, Au-NPs, TiO2, ZnO, NiO, and CuO
improves the sensor selectivity, performance and response characteristics [8-11]. As the decoration of
MWCNTSs with the metal oxide nanoparticles results in great adsorption capacity, efficient charge
transfer, advanced surface area, and high catalytic activity of the transducer material [12, 13].
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Calcium is considered an important element in the formation of bones and teeth. The calcium ion
is also important for the heart, the nerves, and blood-clotting systems. Several analytical methods were
applied for the quantitation of the Ca®" ion concentration such as spectrophotometry [14-16],
spectrofluorimetry [17-19], HPLC [20-24], capillary electrophoresis [25-27], voltammetry [28-30], and
potentiometry [31-39]. All of the stated potentiometric sensors depend on the development of ion-
selective PVVC-based electrodes with the incorporation of different calcium ionophores. As far as we
know, no solid-contact carbon paste electrode with the support of MWCNTSs was designed in the
potentiometric determination of Ca?* ion. The reported potentiometric CPE was based on the mixing of
the graphite powder with a synthesized ionophore in the presence of acetophenone without the
incorporation of MWCNTSs as a conducting layer [39].

Our study aims to develop a new sensitive CPE for the determination of Ca?* ion by taking the
advantage of the chelating nature of the lisinopril molecule to be utilized as a recognition element for
the first time. The electrode paste was composed of MWCNTSs that were decorated with Nickel oxide
(NiO) nanoparticles as a transducer element. This was followed by the covalent attachment of lisinopril
to the surface of MWCNTSs-NIO through carboxylation of the surface of NiO nanoparticles followed by
amidation reaction with the lisinopril amino group with the aid of thionyl chloride in dimethylformamide
medium. The proposed sensor was successfully used for the quantitation of Ca®* ion in tablets, tap water,
soil drainage water and human serum samples. It was also effectively applied in the in-line monitoring
of the dissolution profile of calcium tablets without the need for frequent sampling at every time interval.

2. PROCEDURE

2.1. Reagents and chemicals

The chemicals in this study were of analytical grade. Graphite powder, MWCNTs (> 90%,
diameter 50-90 nm), Lisinopril (Lis) standard, and Nickel oxide (NiO) nanoparticles (> 95%, diameter
< 50 nm) were purchased from Sigma Aldrich, Germany. Potassium tetrakis [p-chlorophenylborate]
(KTpCIPB) was obtained from Acros-Organics, USA. TMSEDTA (N-trimethoxysilylpropyl ethylene
diamine triacetic acid), TEOS (tetra-ethyl-ortho-silicate) were from Sigma-Aldrich. Tetrahydrofuran
(THF) and N, N dimethylformamide (DMF) were purchased from Fluka, USA. Calcium chloride
standard powder, H>SO4 and HNO3s were obtained from Sigma Aldrich.

2.2. Instruments

Jenway digital ion analyzer pH 3510 (UK) was connected to the indicator electrode and Thermo-
Orion double junction Ag/AgCl (900201) as the external reference electrode for potentiometric
measurement. Samples were measured under continuous stirring using JLab-Tech magnetic stirrer,
LMS-1003.
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2.3. Standard solutions

A calcium ion stock solution of 1x10™* mol L™ was prepared by weighing the appropriate amount
of the standard CaCl, powder in a 50 mL volumetric flask using deionized water as a solvent. Working
standard solutions of concentrations ranged from 1x102 mol L™ to 1x1071° mol L were prepared by
diluting the relative stock solution with deionized water.

2.4. Carbon paste electrode fabrication procedure

2.4.1. Purification of MWCNTs and decoration with NiO nanoparticles:

As reported in our previous work [8], purification and functionalization of the crude MWCNTS
with the carboxylic groups to increase the dispersibility and stability was performed by its treatment in
500 mL of a mixture of H2SO4 and HNO3 in the ratio (3: 1 v/v) with ultrasonication for 2 h. The solution
was refluxed for 2 h to minimize the tube damage. Then, the solution was cooled, filtered and washed
with deionized water until the filtrate became neutral. The washed nanotubes were dried under vacuum
at 70 °C for 8 h. By the application of the oxidation process, carboxylic, carbonyl and hydroxyl groups
were presented on the nanotubes surfaces as they were required to anchor the guest species of the metal
oxide nanoparticles to the CNTs. Approximately 0.5 g of the acid-treated MWCNTs was mixed with
nearly 0.5 g of NiO nanoparticles after the addition of 500 mL of DMF. The components were allowed
to dissolve by ultra-sonication for 48 h at room temperature which subsequently resulted in a solution of
MWCNTSs-NiO nanohybrid that was dried at 25 °C overnight to evaporate the solvent.

2.4.2. Grafting of Lisinopril on the surface of MWCNT5-NiO nanocomposite

The grafting process was based on the covalent attachment of carboxylated MWCNTSs-NiO
nanocomposite to the lisinopril molecule through the formation of an amide bond. About 10 mL of the
concentrated ammonia was added to 80% ethanoic suspension of MWCNT-NiO nanocomposite under
continuous sonication at room temperature and followed by the dropwise addition of 5 mL of TEOS.
The product of MWCNTs-NiO-SiO2 was rinsed with deionized water and vacuum dried. Then 0.5 g of
MWCNT-NiO-SiO> nanocomposite was dispersed in 30 mL of toluene and refluxed for 10 h at 70 °C
after the addition of 1 g of TMSEDTA. Filtration of the produced MWCNTs-NiO-COOH was done and
followed by rinsing with ethanol and vacuum drying at 70 °C. About 40 mL of thionyl chloride was
added to a dispersion of MWCNTs-NiO-COOH in the DMF medium and refluxed for 12 h at 70 °C.
Filtration of the produced substance was done and followed by washing with anhydrous THF and diethyl
ether, and vacuum drying at 60 °C. 0.1 g of lisinopril dihydrate was added to the produced MWCNTSs-
NiO-COCI in the DMF medium and ultra-sonicated for 1 h and then refluxed for 12 h at 70 °C. The
formed MWCNTSs-NiO-Lis solid composite was collected by filtration, washing with THF, and then
vacuum drying at 60 °C.
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2.4.3. Preparation of the CPE

The proposed electrode was fabricated by homogenous mixing of 30 mg of graphite powder with
40 mg of paraffin oil, 10.0 mg of (KTpCIPB), and 30 mg of MWCNTs-NiO-Lis composite for 30 min
in a glass mortar. The Teflon cavity of the electrode was tightly packed with the carbon paste. A new
surface was obtained by pushing the electrode steel screw which was smoothed by using a clean filter

paper.

2.5. Potentiometric measurement

The e.m.f. measurements were recorded at ambient temperature with the following
electrochemical cell: Ag /AgClI double junction reference electrode/ sample test solution/ Lis covalently
attached to MWCNTSs-NIO oil paste/ copper wire. The reference and indicator electrodes were dipped
in 25 mL of the solution with magnetic stirring at a constant rate. Deionized water was used for washing
the studied electrode between measurements.

3. RESULTS AND DISCUSSION
3.1. Characterization of the prepared MWCNTs-NiO-Lis nanocomposite

3.1.1. FT-IR spectroscopic characterization

The acid-treated MWCNTSs spectrum, Fig.2 (a), demonstrated some characteristic bands which
are positioned at 1725 cm™, 1577 cm™* and 1375 cm™ that are associated with C=0 stretching of the
carboxylic group, C=C stretching of the intrinsic arrangement of CNTs, and O-H bending vibration,
respectively. The OH stretching vibration is represented with a major band positioned at 3467 cm™. The
bands extended from 2846 cm™ to 2940 cm™ are associated with the stretching of the C-H bond. The
reported bands confirmed the efficient introduction of the carboxyl groups onto the surface of MWCNTSs
after acid treatment. The MWCNTSs-NiO nanocomposite spectrum in Fig. 2(b) showed different bands
of low intensities at 3440 cm™ and 1712 cm™ due to the anchoring of NiO nanoparticles to MWCNTSs
using the carboxyl groups on their surfaces. Two absorption bands at 565 cm™ and 1105 cm™ are
monitored. They are related to Ni-O stretching. Ni-O-Ni stretching is represented as another band at
1402 cm™. The MWCNTs-NiO-Lis composite spectrum in Fig. 2(c) displayed an absorption band at
1024 cm of Si-O-Si stretching vibration that confirmed the silanization of the surface of the NiO
nanoparticles. Different bands extended from 3300 cm™ to 3560 cm™ are corresponding to the N-H
stretching of the amide link and O-H stretching of the Lisinopril free carboxyl groups. The amide link
formation can be confirmed by the stretching vibration of the C-N of the amide link at 1253 cm™ and by
the bending vibrations (scissoring & wagging) of N-H at 1617 cm™ and 754 cm™,
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Figure 2. FT-IR analysis of (a) MWCNTs-COOH, (b) MWCNTs-NiO nanocomposite, and (c)
MWCNTSs-NiO-Lis composite.

3.1.2. XRD

The MWCNTSs XRD, Fig. 3(a) displayed a sharp prominent peak at 20 of 25.9° that is related to
the carbon skeleton of the MWCNTSs sheets. The MWCNTSs-NiO nanocomposite XRD, Fig. 3(b), was
described by significant peaks at 20 of 37.2°, 43.3°, 62.6°, 75.4°, and 79.3 that are associated with the
crystal structure of NiO nanoparticles. It also showed a diffraction peak at 26.0° of the MWCNTS. These
results prove that the MWCNTSs have not been destroyed after the acid treatment and successfully loaded
with NiO nanoparticles on its surface. In the XRD of MWCNTSs-NiO-Lis composite Fig. 3(c),
overlapping of the strong peak of MWCNTSs at 25.9° with that of lisinopril was observed. Also, the
presence of low-intensity peaks in the range of 20 of 7° to 30° indicated the change of the structure of
MWCNTSs-NiO composite due to the covalent attachment to the Lisinopril molecule. It is noticed that
the peaks of NiO nanoparticles are of low intensity. These data indicate that the composite is formed of
three phases which are the NiO nanoparticles and the lisinopril that are effectively deposited and
functionalized over the MWCNTSs surface. The diffraction peaks of each of the acid-treated MWCNTS,
NiO nanoparticles, and lisinopril are in good agreement with the reported values in the literature [8, 40-
42].
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Figure 3. XRD pattern of (a) MWCNTs-COOH (b) MWCNTSs-NiO nanocomposite and (C) MWCNTSs-
NiO-Lis composite.

3.1.3. TEM

The surface morphology changes were studied with the aid of TEM. The acid-treated MWCNTS,
Fig. 4(a), appeared as tubular structures with smooth surfaces with an outer diameter of about 50-90 nm
and almost all the end caps were revealed. When the NiO nanoparticles decorated the surfaces of
MWCNTSs, Fig. 4(b), the TEM image showed the formation of homogenously spread clusters of the NiO
around the nanotubes which can be attributed to the strong ionic interaction between them. The thickness
of the CNTs was varied from 70 nm to 100 nm. The TEM image of the MWCNTs-NiO-Lis composite,
Fig. 4(c), showed an increase in the size of the MWCNTSs coated particles and became with an average
thickness of 130-180 nm.

(c) MWCNTSs-NiO-Lis

Figure 4. TEM images of (a) MWCNTs-COOH (b) MWCNTSs-NiO nanocomposite and (C) MWCNTSs-
NiO-Lis composite.

3.2. Optimization of the CPE composition

Generally, the solid contact CPE is composed of a recognition element that defines the selectivity
of the membrane, and a transducer that translates the recognition event into a measurable signal with
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high sensitivity. In this study, lisinopril was applied as a recognition element. It acts as a ligand that
forms a coordination complex with the metal ions via the two carboxyl groups (prolyl COOH and central
COOH) [43, 44]. MWCNTSs decorated with NiO nanoparticles were applied as an effective transducer
material. As summarized in Table 1, Different sensors with different paste compositions were fabricated
to optimize the response characteristics. The bare sensor was fabricated by mixing the graphite powder
and the paraffin oil homogenously in a ratio of (60: 40% w/w) and producing consistent, and
mechanically robust carbon paste. The non-covalent functionalization of the lisinopril to the MWCNTs-
NiO composite was prepared by their simple mixing together (sensor 5). It depends on the weak ionic
interaction between the nanocomposite and the lisinopril. It showed a long response time (> 1 min) and
a non-ideal Nernstian slope for divalent cation with a limited linearity range. This could be explained by
the frequent leaching of the recognition element (lisinopril) from the paste to the aqueous phase due to
its inherent hydrophilicity that affects the electrode response to Ca?* ions. The covalent attachment of
the lisinopril to the surface of MWCNTs-NiO nanocomposite was performed through an amidation
reaction using thionyl chloride without altering the inner structure of the nanotubes as well as their ionic
structure (sensors 6-11). Due to the chelating properties of lisinopril to Ca?* ions, the selectivity of the
sensor was improved. Different electrodes with different compositions were designed. The contribution
of NiO nanoparticles was studied by recording the response characteristics of sensors 3 and 4. It was
proved that the presence of metal oxide nanoparticles positively influences electrode performance. NiO
nanoparticles enhance the sensitivity, response time and Nernstian slope of the sensor.

Table 1. Optimization of the CPE composition

Graphite MWCNTSs MWCNTSs- MWCNTSs- KTpCIPB Lis. Paraffin Linearity range LOD Slope Resp

(mg) (mg) NiO (mg) NiO-Lis (mg) (mg)  Oil (mg) (mol L) (mol L) (mv/ onse

(mg) decade) time
(s)
1 60 - - - - 40 2x10% -1 %102 1x104 18.7+£0.31 45
2 40 20 - - 40 1x10 - 5x1072 3.5x10°% 21.6+0.36 30
3 30 30 - - - 40 1x1073 - 5x101 1x104 19.7+£0.28 40
4 30 30 - - - 40 5%10 - 1x102 3.5x106 23.5+0.45 30
5 30 20 - 10 10 40 1x10°5 - 1x103 8.5x106 24.9+0.38 40
6 30 - 30 - - 40 1x10°6 - 1x1073 4.0x107 24.7+0.29 20
7 25 - 35 - - 40 2x10°% - 4x10°3 1.7x107 26.4+0.63 20
8 30 - 30 10 - 40 1x10°8 - 1x102 3.5x10°° 30.4+0.52 10
9 40 - 20 10 - 40 2x107-5x103 6.2x108 28.5+0.58 10
10 20 - 40 10 - 40 6x107 - 6x1073 7.2x108 29.2+0.67 10
11 30 - 30 5 - 40 2x107 - 4x1073 5.9x108 29.1+0.82 15

Results in Table 1 revealed the change in the electrode response characteristics with the
application of either MWCNTSs-NiO (sensors 2, 4) or MWCNTSs-NiO-Lis (sensors 6-11) composites.
The introduction of the lisinopril molecules improves the response characteristics by easing the
accessibility of Ca®* ions to the electrode through the formation of coordination complex by the reaction
with its free carboxyl groups. The phase boundary potential is generated as a result of the formation of
such a coordination complex. The addition of KTpCIPB as a cation exchanger supports the complexation
of the lisinopril and Ca?* ions by providing lipophilic ionic sites in the paste matrix. It helps to attain the
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potentiometric equilibrium rapidly and to create the phase-boundary potential. The optimum
composition of the studied sensor was represented as sensor 7.

3.3. Performance characteristics of the CPE (Linearity, response time, precision, and stability)

IUPAC guidelines [45] were applied to study the potentiometric behavior of the proposed CPE.
The response characteristics of the studied electrode were summarized in Table 2. The CPE showed a
linear response ranged from 1x102 mol L? to 1x10® mol L with a Nernstian slope of 30.4 +0.52
mV/decade, which is characteristic of the divalent cation (30 mV/decade). Fig. 5 represents the dynamic
time trace of the response of the proposed sensor over the calcium concentration range from 1x10! mol
L1 to 1x102° mol L. The LOD was found to be 3.5x10° mol L. It was calculated with the aid of the
linear calibration curve slope using the equation of LOD =3 S/ b, where S is the standard deviation of
the y-axis of 5 replicates of the blank and b is the slope of the linear calibration curve. The repeatability
RSD% was calculated after five successive measurements of each of three calibrators (1x1072 - 1x107 -
1x10® mol L) of Ca?* ions standard solution within a day. The intermediate precision RSD% was
calculated after five measurements of the three calibrators in ten consecutive days. Six independently
synthesized sensors were fabricated to study the sensor reproducibility. The RSD% was calculated for
five replicates of each of the three standard concentrations of Ca?* ions and represented in Table 2.

Table 2. The electrochemical characteristics of the proposed sensor

Parameter CPE response
Concentration range (mol L) 1x10% — 1x1078
Slope (mV/decade) 30.4 £0.52
Intercept 434.19
Correlation coefficient 0.998
LOD (mol L?) 3.5x10°
Response time (s) 10+£0.2
Stability (days) 106
Working pH range 6-11
Average recovery* 995+ 1.13
Intraday precision? (RSD %) 0.97
Interday precision? (RSD %) 1.45
Reproducibility® (RSD %) 1.67

! Average of five determinations of seven concentration levels.

2 Average of five determinations of three concentration levels (1x102— 1x10°- 1x10® mol L?).

% Average of five determinations of three concentration levels (1x102— 1x10° - 1x108mol L)
using six independently fabricated sensors.

The obtained intraday and interday RSD% values were calculated to be 0.97% and 1.45%,
respectively. These values indicated the reproducibility and the precision of the proposed sensor. The
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electrode was characterized by rapid response (< 12 s) and a stable potential over the linear concentration
range. The electrode reversibility was studied and approved by measuring its response in an ascending
and descending order relative to the concentration range as shown in Fig. 6. The CPE lifetime was
evaluated by constructing the calibration plot and testing its characteristics on different days under
normally applied conditions. During this time the slope did not fluctuate by more than + 2 mv/decade
and no variation in the potential recorded (not more than + 3) over 106 days for the same carbon paste
surface without any renewal action. After this period of dry storage, a remarkable decrease in the
calibration slope was observed. The renewed surface presented accurate and reliable data. The lifetime
of the studied sensor could be prolonged to nearly 12 months by surface renewal every 106 days for 3 -
4 times. The prolonged life of the electrode is likely attributed to the un-leaching of the recognition
element from the electrode matrix due to its covalent attachment to the transducer layer. Therefore, the
proposed CPE can be stored in dry conditions for prolonged periods with no significant loss of
performance characteristics.
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Figure 5. The time trace of the response of the proposed CPE over the concentration range from 1x107?
mol L to 1x102° mol L.
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Figure 6. The dynamic response time of the proposed CPE from low to high and high to low
concentrations.
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3.4. Influence of pH

The influence of the pH on the response of the studied electrode was studied. Two standard Ca?*
ion solutions at different pH values were prepared using 40 mM of Britton-Robinson buffer solution
with pH ranging from 2 to 12. The buffer solutions were prepared by mixing 40 mM of all necessary
components (phosphoric acid, acetic acid and boric acid) and adjusting the pH with 0.2 M sodium
hydroxide. It indicated that the electrode potential values were stable within the pH range from 6.0 to
11.0 as represented in Fig. 7. It might be explained by the presence of the free calcium ions that can
interact easily with the ionized carboxylic groups of the ligand lisinopril ion at this pH. Increasing the
sensor response below pH 6 may be related to the high concentration of the hydronium ion which
competes with the Ca?* ion causing protonation of lisinopril in the membrane matrix. The reduction in
the electrode potential above pH 11 could be explained by the formation of calcium hydroxyl in the
solution. Therefore, pH 7 was chosen as an optimum pH in the sample determination.

450 4 —_ 1 x10%M
400 = 1x10°M
S 350
£
W 300+
250+
200 ————T—TT—T 7T 77T
0 5 10 15
pH

Figure 7. Effect of pH on the potentiometric response of the proposed CPE using 1x10™* mol L and
1x10° mol L Ca?* standard solutions.

3.5. Selectivity and comparison with the literature’s potentiometric electrodes

The response of the proposed sensor to the Ca?* ion (target analyte) compared to other interfering
ions is termed selectivity and is expressed by the selectivity coefficient K X‘]’;. The selectivity coefficient

was evaluated by the separate solution method using 1x10* mol L™ Ca?* ion standard solution and 1x10°
ot

“mol L™ interfering ion solution. The K} was calculated by the Nicolsky-Eisenman equation [45]:

pot _ (EB_Eg)ZsF _ Za
logKyp = (2.303 RT) + (1 ZB) Log [4]

Where Za and Zg are the charges of the analyte ion and the interfering ion, respectively. The
calculated Kf’gt values are shown in Table 3. They proved an outstanding selectivity of the studied

electrode for Ca?* ions with no substantial effect from other cationic species.
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Table 3. Potentiometric selectivity coefficient (log K2y + Interferent) 10T the proposed CPE
I nte rferl ng 1ons (log KE:; +,Interferent)
Mg?* -3.08
Mn?* -3.12
Cu* -4.88
AR -4.78
Pb?* -3.23
Na* -4.79
Hg* -4.82
Co** -3.07
Sr# -3.73
Ba** -4.66
Fe* -2.86

Depending on the literature survey, some potentiometric sensors were designed for the estimation
of Ca?* ions in different samples. As we mentioned in the introduction section, the reported calcium ions
sensors were based on the application of PVC-membranes with the aid of different calcium ionophores.
The reported CPE was based on the mixing of the graphite powder with a synthesized ionophore in the
presence of acetophenone [39]. The concept of the covalent attachment of the recognition element to the
surface of the MWCNTs- Metal oxide composite has been recently used for the fabrication of different
CPEs for the determination of different analytes [8, 47, and 48]. However, the application of the lisinopril
molecule as a recognition element was utilized for the first time in this work. The potentiometric
response characteristics of the studied CPE were compared with the other reported ones and summarized
in Table 4. The results showed that the proposed sensor displayed better response time, sensitivity, slope,
lifetime, and wider linearity range.

Table 4. Comparison of the potentiometric response characteristics of the proposed Ca?* sensor with the
literature ones.

Electrode Linearity range LOD Slope Response  Lifetime pHrange Ref
(mol L) (mol L~ (mV/decade) time (s)
)
PVC+ NPOE + calcium ionophore I1 2x10° - 3x10* 6x10°2 22.2 - 3 months 7.5 31
PVC + nitrobenzene +tetraphenylborate + 2-
[(2-hydroxyphenyl) imino]-1,2- 1x10% - 1x10? 8x10°7 28.5+0.5 <20's 10 weeks  4-11.5 32
diphenylethanone ionophore
calcium ionophore Il + ONPE + PVC + 1x10°-1x101  56x10°  27.2 - 3months 411 33
potassium tetrakis(p-chlorophenyl)borate
PVCr furildioxime + DBP# potassium 5 6,107 1 gxgot 12919 295105 105 3months 35-9 34
tetrakis(p-chlorophenyl)borate
PVC + KTFPB+ DOS +ETH 100 with the aid
of conducting polymer layer of polypyrole 1x10% - 1x10* 1x107 28.1 1 min 3 months 7 35
doped with trion
Calcium ionophore (ETH 5234) + (ETH 500) 7 8x10% — 7.5x10° i 82.0+0.5 i ) 2 36

+PVC + o-NPOE.
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(ETH 5234) + sodium tetrakis[3,3-
bis(trifluoromethyl)phenyl]borate + PVC + o-
NPOE
PVC + KTCIPB + 0-NPOE + ETH 1001
PVC + KTCIPB + 0-NPOE + ETH 1001
with Polymethylthiophene conducting
polymer film
The PMT films were modified by 2 days of
immersion in an agueous solution containing
0.1 M EDTA and 0.05 M CaCl;
dibenzo-18-crown-6 ionophore + PVC +
plasticizer
Graphite powder + Synthesized ionophore
(1,4-diaza-2,3;8,9-dibenzo-7,10-

1x10° - 1x10?

1x108 - 1x10°

1x10* - 1x10?

1x10° - 1x10?

1.3x10° - 3.2x10°®

- 29.2
1x10 25 0.9

- 26.3 +0.8

- 30.5+0.4

4x10° 28

7.9x10° 32

<30s

<10s

10 days

5 months

3 months

13

3-11

3-9

Graphite powder + MWCNTSs-NiO-Lis
composite + paraffin oil + (KTpCIPB)

dioxacyclododecane-5,12-
Dione) + Acetophenone

1x102 - 1x10® 3.5x10°  30.43+05 10s 106 days 6-11

36
37
37

37

38

39

This
study

3.6. Analytical application

The studied CPE was applied for the determination of Ca?* ions in tap water, soil drainage water
samples, pharmaceutical tablets and human serum. The water samples were collected and stored in
polyethylene bottles in darkness at 4 °C before use. The samples were filtered through a 0.45 um
membrane filter and the pH was adjusted to pH 7 with 0.01 mol L hydrochloric acid and 0.1 mol L
sodium hydroxide solutions and immediately analyzed. The human serum samples were filtered with
0.22 um syringe filters before direct measurements. The effectiveness and the reliability of the studied
electrode were measured by applying the standard addition experiment on different calcium real samples
as being represented in Table 5 and the recovery was ranged from 94.00% to 102.00%. The proposed
electrode was successfully applied for the real-time dissolution monitoring of calcium tablets. One tablet
of calcium was placed in the dissolution medium and the proposed sensor together with the reference
electrode were immersed immediately into the dissolution medium and the potential in mV was recorded
every 5 min without the need for frequent sampling at every time interval. The amount of the dissolved
calcium was calculated from the attained e.m.f. using the equivalent calibration curve and the dissolution
profile was plotted. The Osteocare tablet exhibited more than 90% release and reached the plateau from
35 to 45 min as shown in Fig. 8.

Table 5. Determination of Ca®* ion concentration in real samples.

Sample Determined (mol L)  Added (mol L) Found (mol L) Recovery % RSD %
- - 1.0 x 10 - -
Osteocare tablets 1.01 x 10 5x 10 6.0 x 104 99.8 1.09
1.0 x 10 10 x 10 10.8 x 10* 98.0 0.97
1.02 x 104 15 x 10 16.1 x 10 100.5 1.12
- - 1.5x 103 - -
Tap water 1.5 x10°% 5x 103 6.2 x 1073 94.0 1.23
15 x 103 10 x 103 11.7 x 1072 102.0 1.17

15 x 103 15 x 10°3 16.1 x 103 97.3 1.35
; - 2.05x 10 - -
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_— 2.0 x 10 5 x 10 6.7 x 10 94.0 154
SO"\/S;‘;;?&ge 2.0 x10% 10 x 10 11.6 x 10 96.0 158
21 x 10 15 x 10 16.5 x 10 96.0 1.72
- - 1.2 x 103 - -

1.2x 103 1x 103 2.18 x 1073 98.0 213

Serum ionic 1.2 x 103 5x 103 6 x 1073 96.0 2.54
Calcium 1.3x 103 7 x 1073 8.2 x 10 98.6 217
1.3x 103 1x10° 13.09 x 10 95.1 2.26

1.3x 103 1x10% 13.97 x 10 97.0 1.98

The validity of the proposed CPE for calcium ion determination in standard solutions and human
serum was examined through the comparison of its results with those of the HPLC-ELSD reported
method [24] and Spectrophotometric complexation with murexide reported method [46], respectively,
using the student's t-test and variance ratio F-test at p = 0.05. Table 6 shows that the calculated t- and F-
values were lower than the theoretical values. It indicates no significant difference between the mean
and variances of both methods in the determination of Ca?* ions.

Table 6. Statistical comparison between the proposed CPE and the reported HPLC-ELSD and
Spectrophotometric methods for the determination of Ca* ions.

Ca’* standard solution Serum ionic Ca?*
Parameter CPE Published method? CPE Published method?
Mean 99.56 99.86 96.94 97.67
SD 1.13 1.04 1.42 1.87
Variance 1.28 1.08 2.02 3.50
N 5 5 5 5
Student’s t-test (2.31)? 0.44 0.7
F-test (6.39)? 0.84 1.73
The published method was based on using HPLC using ELSD with nitrogen gas flow rate of ELSD 2.5
L/min [24].

?The figures in parenthesis are the theoretical values of t and F at p = 0.05.
3The published method for serum ionic calcium was based on the spectrophotometric determination of
Ca?* after the formation of a colored complex with murexide that was measured at 470 nm [46].

100

50—

% Dissolution

o T T T T T T T 1
o 10 20 3 40 S50 60 70 B8O

Time (min)

Figure 8. The dissolution profile of calcium Osteocare tablets using the proposed CPE.
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4. CONCLUSION

In conclusion, for the first time, lisinopril was covalently grafted on MWCNTs-NIO
nanocomposite. The resulting material was applied as a novel electroactive nanomaterial in the
fabrication of Ca?* selective potentiometric CPE. It was characterized by FT-IR, XRD, and TEM that
confirmed the covalent functionalization of the lisinopril molecules to the MWOCNTs-NIO
nanocomposite surface. The proposed sensor exhibited good selectivity and sensitivity to Ca?* ions. It
exhibits a linear response over a wide concentration range from 1x102 mol L™ to 1x10® mol L with a
Nernstian slope of 30.4 £0.52 mV/decade over the pH range from 6 to 11. The CPE was successfully
applied for the determination of Ca?" ions in tap water, soil drainage water samples, human serum
samples and pharmaceutical tablets without any prior extraction processes. It was efficiently used in
monitoring the dissolution profile of calcium tablets. The proposed CPE can be efficiently applied for
the quantitation of Ca* ions in routine control work.
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