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Abstract

A new potentiometric sensor based on a f3- cyclodextrin modified carbon paste electrode (CPE) was designed for
the determination of the captopril drug. The effect of various cyclodextrins (a, B and y- cyclodextrins) and their
percentage, binder agent and ion additive on the potential response have been investigated and the electrode with
the best potential response was found. The linear concentration range for this electrode was 7.0x107-1.0x10"1 M
with a low detection limit of 2.0 x 107 M. The effect of pH and temperature on the Nernstian slope was also
investigated and the optimal range was obtained. The selectivity of the captopril CPE to interfering species including
Li*, K*, Ni*, Mg?*, Ca?*, Co?*, Cr#*, Cr3*, Zn* Mn?*, Fe?*, F-, Cl, SO4%, C204% PO4%, C204%, ascorbic acid, uric
acid, glucose, D-fructose and sucrose was determined by Separate Solution (SSM) and Matched Potential Method
(MPM) methods. Finally, the proposed electrode was tested for measuring captopril in drug formulation, blood

serum, and urine samples.
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1. INTRODUCTION

Captopril with the chemical name 1 - [(2S) -3-
mercapto-2-methylpropionyl] -L-proline (CPT,
Fig. 1) is one of the drugs used to regulate and
reduce blood pressure and treat heart failure and
congestion.
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Fig. 1. Molecular structure of captopril

This drug impedes the angiotensin-converting
enzyme and by this means shows its action.
Various analytical methods have been used for
captopril analysis in pharmaceutical formulations,
including capillary electrophoresis [1], high-
performance liquid chromatography (HPLC) [2],
polarography [3], voltammetry [4], coulometry
[51, Amperometry [6], conductivity [7],
fluorometry [8], colourimetry [9] and flow
injection methods [10]. Some of these methods are
not simple and their analysis requires expensive or
complex devices. Potentiometric techniques with
ion-selective membrane electrodes (ISE) are a
simple and valuable tool for captopril analysis in
pharmaceutical formulations because they can
directly measure active ions in the solution. ISEs
are affordable, easy to use and maintain ISEs, and

*Corresponding Author: ma_karimi43@yahoo.com

simple, fast and accurate methods make them very
suitable for the analysis of pharmaceutical
products [11]. Various sensors based on carbon
paste electrodes have been developed for the
determination of captopril some of them were
listed in Table 1.

Carbon paste electrode is relatively inexpensive
and relatively easy to prepare and has become one
of the most popular electrode materials used for
laboratory preparation of various electrodes,
sensors and detectors. Chemical inertia, strength,
renewability, stable response, low ohmic
resistance, no requirement for an internal solution,
and the usefulness of carbon paste electrodes make
it appropriate for a variety of measurement and
diagnostic applications. Chemically modified
electrodes must increase the speed of electron
transfer by reducing the excess voltage. Studies
have shown that chemically modified electrodes
increase electron transfer rate by reducing excess
voltage, amplifying response signals, and
improving sensitivity and reproducibility [12].
Cyclodextrins are a good host environment for
interacting with guests due to their hydrophobic
cavity. The outer part of cyclodextrins is soluble in
water and allows hydrogen interactions with the
solvent. B-cyclodextrin with good water solubility
and biocompatibility is an ideal candid for drug
loading and complexation due to its full pore size,
availability, and relatively low cost [13].
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Table 1. Comparison of the reported CPE with the used techniques for captopril analysis.

Electrode Modifier Method Detection Linear range Ref.
limit (uM)
(M)
CPE salophen complexes of cobalt(111) DPV 0.05 0.1to 100 [17]
perchlorate
CPE ferrocene dicarboxylic acid SWvV 0.091 0.3 -1400 [18]
MWCNPE p-aminophenol SWvV 0.02 0.05t0 0.5 [19]
and 0.5 to
50.0
CPE (E)-3-((2-(2,4- DPV 0.07 0.2-800.0 [20]
dinitrophenyl)hydrazono)methyl)benzene-
1,2-diol (DHB) and carbon nanotubes
(CNTs)
CPE copper—cobalt hexacyanoferrate SWV 4.2 (5.0-31) x [21]
106
CPE carbon nanotube and benzoylferrocene SWV 0.03 0.4 to 350 [22]
ZnO/CNT/CPE  N-(4-hydroxyphenyl)-3,5- SWvV 0.01 0.05 -800 [23]
dinitrobenzamide
CPE NiO NPs/NPS SWvV 0.007 0.035 to 550 [24]
CNPE isoproterenol SWvV 0.1 0.3t0 90 [26]
CPE ferrocene carboxaldehyde and ZnO SWV 0.04 0.08-500.0 [26]
nanoparticle
CPE cyclotricatechylene
CPE NiO/CNTs and (2- (3,4- SWV 0.009 0.07-200.0 [27]
dihydroxyphenethyl)isoindoline-1,3-
dione)
CPE 1, I'-bis(2-phenylethan-1-ol)ferrocene SWV 0.05 0.09-450.0 [28]
CPE rutin 89.4 20 to 1000 [29]
CPE gold nanoparticles/biphenol— DPV 0.0004 0.001-0.15 [30]
biphenoquinone and 0.15-50.0
CPE B-Cyclodextrin Potentiometry  0.20 0.7-100000 In this
work

MWCNPE: multiwall carbon nanotubes paste electrode; CPE: carbon nanotubes paste electrode
SWV: Square Wave Voltammetry; DPV: Differential Pulse VVoltammetry
DED: (9,10-dihydro-9,10-ethanoanthracenel1,12-dicarboximido)-4-ethylbenzene-1,2-diol

CV: cyclic voltammetry

In this research, a carbon paste electrode modified
with a B-cyclodextrin ion carrier has been used as
a useful analytical tool for measuring captopril in
different samples. The potential responses of the
electrode  were  measured for «, g
and y cyclodextrin and the best response was
selected. The effect of cyclodextrin percentage and
various binder agents were also investigated.
Finally, the selectivity coefficient of the sensor was
studied in the blood serum sample and spiked
urine.

2. EXPERIMENTAL

2.1 Apparatus

A glass cell containing carbon paste as the working
electrode and Ag/AgCI as the reference electrode
(Ag/AgCl|KCl(sat'd)|Test solution| carbon paste|
cell) was used for the measurement of potential. In
addition, a potentiometer/pH device of ZAG
Industrial Chemicals (model 162) was employed to
record the potential and pH. A Metrohm pH meter

and a magnetic stirrer (ZAG Shimi, Iran) Iran were
applied to perform the experiments.

2.2. Reagents

Graphite powder with a particle size lower than 50
pm (Merck) and density of approximately 2.2 g
cm® along with mineral oil (Nujol, Aldrich) with
high purity was used to prepare carbon paste. o, §
and vy Cyclodextrins ionophores, bis- (2-
hydroxyethyl)  phthalate ~ (BEHP),  ortho-
nitrophenyl octyl ether (2-NPOE), dioctyl sebacate
(DOS), dioctyl phthalate (DOP), dibutyl phthalate
(DBP), potassium tetrakis (p-chlorophenyl) borate
(KTPCIPB) or trioctyl dodecyl ammonium
chloride (TDAC-CI) binder agents were purchased
from Merck complany.

2.3. Carbon paste electrode preparation

To organize the carbon paste electrode (CPE), first
graphite powder and B-CD with a certain
percentage were thoroughly mixed in a mortar.


https://pineresearch.com/shop/kb/software/methods-and-techniques/voltammetric-methods/square-wave-voltammetry/#:~:text=Square%20Wave%20Voltammetry%20(SWV)%20is,forward%20pulse%20and%20reverse%20pulse.
https://pineresearch.com/shop/kb/software/methods-and-techniques/voltammetric-methods/square-wave-voltammetry/#:~:text=Square%20Wave%20Voltammetry%20(SWV)%20is,forward%20pulse%20and%20reverse%20pulse.
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Nujole oil or other binder agents was then added to
it and the resultant mixture was crushed for at least
half an hour to receive a homogeneous paste. In
some cases, KTPCIPB or TDACI-CI ion additive
as an electroactive material was added to improve
the electrode response (electrodes No. 4 and 10-
18). The carbon paste was then inserted into the
end of a 2 mm diameter and a height of 3 cm
polyethylene syringe and the material inside the
syringe was well packed. The carbon paste was
related to the potentiometer via a copper wire in
contact with its surface. The surface of the carbon
paste was then rubbed with soft paper to obtain a
completely smooth surface. At the end of each test,
a thin piece was removed from the CPE surface
with a thin cutter and rubbed again to renew the
surface for the next investigation.

3. RESULT AND DISCUSSION

3.1 Optimization of components of CPE

The sensitivity, selectivity, and linear range of the
carbon paste electrode depend greatly on the
composition of the CPE, the properties of the
binder agent and the ion additives employed.
Therefore different CP compositions were
prepared (see Table 2).

The impact of cyclodextrin type (ion carrier),
binder agent, and their mass ratio on the
potentiometric response of the designed CPE
electrode was studied. To test the effect of
cyclodextrin type, o, B and y cyclodextrins were
used and their response to captopril was
investigated. It was observed that the best potential
response to captopril was obtained by f-
cyclodextrin (BCD) modified CPE (see Fig. 2).

Table 2. Electrode responses with different compositions of CPE

CPE lon lon Plasticizer Graphite  Atrticle I. Slope Linear concentration

NO.  additive carrier powder (mV/decade) range (M)

1 - 0.0 35.0 (Nujol) 65.0 1.12+43.8 5.0 x105-1.0 x 101

2 - 7.0 33.0 (Nujol) 60.0 1.10+55.6 1.0 x 106-1.0 x 102

3 - 11.0 30.0 (Nujol) 59.0 0.84+55.8 1.0x10°6-1.0x102

4 1.0 (TDAT-Cl)  12.0 28.0 (Nujol) 59.0 0.20+ 59.6 7.0x107-1.0x10"

5 - 14.0 28.5 (Nujol) 57.5 0.40+56.8 1.0x105-1.0x10?

6 - 13.0 28.5 (Bis-EHS) 58.5 0.15+61.1 1.0x10%-1.0x10

7 - 11.0 31.0 (2-NPOE) 58.0 0.22+46.5 1.0x107-1.0x10!

8 - 12.0 30.0 (DOP) 58.0 0.25+60.7 1.0x106-1.0x10!

9 - 12.0 30.0 (DBP) 58.0 0.17+55.3 1.0x106-1.0x10!

10 1.0 (TPCTPB) 12.0 30.0 (Nujol) 57.0 0.60 +49.6 2.0x10%-1.0x10!

11 2.0 (TPCTPB) 12.0 29.0 (2-NPOE) 57.0 0.16+57.4 2.0x106-1.0x10!

12 2.0 (TDAT-CI) 12.0 28.0 (2-NPOE) 58.0 0.10+£52.7 1.0x107-1.0x10?

13 2.0 (TDAT-CI) 12.0 28.0 (Bis-EHS) 58.0 0.30+49.3 1.0x10%-1.0x10?

14 1.0 (TDAT-Cl) 120 34.0 (DOS) 59.0 0.10+53.2 1.0x105-1.0x10!

15 1.0 (TDAT-Cl) 120 33.0 (DOS) 59.0 0.30+53.1 1.0x106-1.0x10!

16 1.0 (TDAT-Cl) 120 35.0 (DOP) 59.0 0.20+55.0 1.0x10%-1.0x10!

17 1.0 (TDAT-Cl) 120 37.0 (DOP) 59.0 0.25+55.3 1.0x10%-1.0x10!

18 2.0 (TDAT-Cl) 12.0 29.0 (DBP) 59.0 0.30+55.6 1.0x106-1.0x10!
10 Therefore, a calibration curve was generated for

& o CPE—BCD at different concentrations of captopril.

10 ~S=aOnlotunin For the study of the effect of the mass percentage
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Fig. 2. Potentiometric response of an electrode made
with a, B and y-cyclodextrins.

of B-CD, electrodes were made with various
amounts of B-CD ion carrier and the effect of
different mass ratios on the response of the
electrodes was investigated (see the result in Fig. 3
and Table 2). The best-modified CPE with a
Nernstian slope of 61.1 mV decade! belonged to
the electrode containing 13% B-CD (CPE No. 6).
It was observed that the B-CD ion carrier plays a
significant role in the potential response of the
CPE, so without the presence of the electrode
modifier, the B-CD electrode shows little response
to the captopril. This is because of the
improvement in the conductivity of the sensor and
transduction of the chemical signal to the electrical
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signal which enhances the response time and
dynamic range of the working electrode.
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Fig. 3. Potentiometric response of electrodes made with
different percentages of g-cyclodextrin ion carrier

Since the type of binder agent has a great influence
on the dielectric constant of the membrane phase
and the mobility of the ion carrier plays an
important role in determining the properties of the
electrode, the effect of the binder agent was also
investigated. For this mean, the potentiometric
response of CPE made with different binding
agents such as DBP, Nojol, DOP, NPOE, DOS and
(Bis-EHS) was investigated and the best sensitivity
and linear range were obtained. The results are
shown in Table 2 and Fig. 4. Experiments revealed
that the carbon paste electrode made with Nujol
binder agent (CPE No. 4) with a Nernstian slope
of 59.6 mV decade! demonstrated the best
potential response to captopril and therefore, Nujol
was utilized as the best binder in the following
experiments.
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Fig. 4. Potential response of electrodes fabricated with
different binder agents

Finally, the effect of two ion additives namely
KTPCIPB or TDAC-CI on the performance of the
fabricated sensor was studied. It is marked that the
addition of TDAC-CI to the paste containing the
Nujol binder agent increases the Nernstian slope
and the best response was observed in the CPE NO.
4 (see Table 2). This trend is followed for the paste

consisting of DOP and the Nernstian slope increase
with the addition of TDAC-CI. In other samples,
no regular trend is observed.

3.2 Calibration curve

The measuring range of an ion-selective electrode
is the linear part obtained in the calibration graph
as illustrated in Fig. 5. According to the results
given in Table 2, the CPE fabricated by applying
13% of B-CD ion carrier and Nujol binder agent
created the best Nernst slopes and concentration
range (see Fig. 5). The linear concentration range
for this electrode made by mentioned composition
is 7.0x107-1.0x10' M which has Nernstian
behaviour in this range. The detection limit derived
by extrapolating the linear parts of the calibration
curve is 2.0 x 107 M.
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Fig. 5. Calibration curve of captopril CPE with optimal
CPE composition

3.3 Response time and Lifetime of the electrode
The time required for the electrode potential to
reach +1 mV equilibrium potential is defined as the
response time. To measure the electrode response,
the electrode was placed in the captopril solutions
with various concentrations (1x10%to 1x10-2 mol
L), each solution was 10 times different in
concentration. The potential change versus the
time curve was plotted in Fig. 6 and Table 3. As
observed, at higher concentrations, the electrode
reaches equilibrium faster. The reaction time of
this electrode is about 5 seconds.

Table 3. Potential response of captopril CPE in
solution of captopril with a concentration of 1.0 x103

for 3 hours
Potential Time Potential Time
(mV) (min) (mV) (min)
10 153 100 154
20 154 110 152
30 152 120 153
40 153 130 152
50 153 140 153
60 152 150 154
70 152 160 154
80 153 170 153
90 154 180 154
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Fig. 6. The response-time curve for captopril selective
electrode

To evaluate the stability of the electrode response,
it was immersed in captopril solution for 3 hours at
a concentration of 0.1x 102 M and the potential
response was recorded every 10 minutes. The
standard deviation obtained during this period was
0.54 mV (n = 18). The small standard deviation
indicates satisfactory stability of the captopril CPE
response. By alternating generating the calibration
diagram of one electrode for 2 months, it was
found that the life of the modified CPE is more
than 2 months.

The reversibility of the CPE response was also
examined by alternately measuring the potential
response of B-CD/CPE to the two solutions of
captopril (1.0x 103 M and 0.1x 10* M) during the
stirring and the results were given in Table 4. The
low standard deviation obtained for the resulting
potential difference (0.4 mV) indicates that the ion-
selective electrode has good reversibility.

Table 4. Alternating potential response of captopril
CPE in solutions of captopril (3x10 and 1.0 x 104

E (mV) E (mV) time
(1.0x10*M) (1.0 x10° M)

1 80 120
2 80 120
3 80 118
4 78 118
5 80 120
6 78 118
7 80 120
8 80 118

3.4 The effect of pH and temperature

To investigate the effect of pH on the responsivity
of the electrodes, the potential changes of the
captopril solutions (1.0 x10® and 0.1x10*) were
recorded in the pH range of 2-13 (see Fig. 7).
Hydrochloric acid or potassium hydroxide was
used for the pH adjustment. The results showed
that the suitable pH for optimal electrode operation
is in the range of 4 to 8.5. According to the
diagram, the potential response decrease at higher

pH values, which relates to the increase in the OH-
ions and the simultaneous response of the electrode
to OH™ and captopril. At lower pH values, the
potential response boosts due to the increase of H*
ion, which causes the protonation of captopril and
decreases its anion concentration.
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Fig. 7. Effect of pH on the response of CPE at two

different concentrations of captopril

The changes in the performance of the 3-CD/CPE
for the experimental solution for the captopril were
studied at 15 to 50 °C (see Table 5). According to
the results, B-CD/CPE shows the Nernstian
behaviour which indicates that the electrode can be
used suitably at these temperatures. There is no
change in the detection limit with an increase in the
temperature but the best Nernstian slope and wide
linear concentration range are observed at 50 °C.

Table 5. B-Cyclodextrine/CPE response at different

temperatures
No temperature  Concentration  Detection  Slope
(°C) rang limit
(M) (M)
1 15 3.0 x 10°°- 1.0 x 575
1.0x107? 107
2 25 5.0 x 10°5- 1.0x 57.1
1.0x107? 107
3 35 1.0 x 105- 1.0x 58.1
1.0x10! 107
4 40 2.5 x10°- 1.0 x 58.3
1.0x1072 107
5 50 1.0 x 10°8- 2.0 x 59.5
1.0x101 107

3.5 Selectivity of the electrode

Selectivity coefficients of the potentiometric
technique indicating the tendency of the offered
electrode for interfering ions were determined by
Separate Solution (SSM) and Matched Potential
Method (MPM) methods. The coefficient by the
SSM method is time-dependent and is defined as a
linear function of time that increases to a given
negative power. According to the MPM method,
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the interfering ions (X) are continuously added to
the reference solution (desired analyte with a
certain concentration) and the potential is read. The
addition of the X ions is continued until the
measured potential is reached to the potential of the
reference ion before adding the X ions. The
selectivity coefficient is then determined by the
following formulas [14]:

E, —FE
logKgfligJXJ, =2 . L+ log[Drug]
— log[/*+]1/* €Y
ap
log Kpoe, c+ = ;j“g 2)

MPM and SSM methods were used to measure the
selectivity coefficients of the electrode in a
captopril solution (0.1x 10* M). The coefficients
obtained for the captopril electrode was shown in
Table 6. The results of this table revealed that the
captopril electrode to has a low selectivity to
anions such as C,04%, Na*, SO4> and K* as well as
biological compounds such as D-fructose, sucrose,
ascorbic acid, glucose, uric acid. Mineral anions do
not interfere due to their size, mobility, and
impermeability. In the case of sugers and
biological compounds, the high selectivity
depends mainly on the difference in polarity and
lipophilicity of the molecule relative to captopril.
Therefore, the interference of these species in the
measurement of captopril is negligible and
captopril can be measured in the presence of these
species without disturbance.

3.6 Analysis of drug samples
To analyze the drug sample, a captopril tablet
containing 250.0 mg of captopril was ground

completely and 4 mg of it was dissolved in water
and diluted into a 50 ml balloon. Then 1 ml of this
solution with 19 ml of the buffer was transferred to
a beaker and certain concentrations of captopril
were prepared. The amount of captopril in the
solution is then measured by the proposed
electrode using the standard addition method. The
results were presented in Table 7. The results show
that the proposed electrode can be used
successfully for measuring captopril in drug
samples with a reasonable result. This is due to the
low interference of the concurrence species in the
tablet with the performance of the electrode. The
values of recovery are consistent with the reported
ones in the literature which used glass pH
electrodes [8, 15].

The applicability of captopril CPE for the
determination of captopril in two suitable
biological matrices including blood serum samples
and spiked urine was also checked. For the
preparation of the samples, 5 ml of human serum
(or urine) was transferred to a 50 ml balloon and
phosphate buffer solution (pH =7). The solution
was shaken for 5 minutes, 25 ml of this solution
was then transferred to a 50 ml human, and
different amounts of captopril were spiked
individually into the mentioned solution. The
standard addition method was employed to
measure the recovery values. The results are
displayed in Table 8. According to the experiments
performed and comparing the obtained values with
the added values, it can be concluded that the
captopril carbon paste electrode can be used as a
suitable measuring tool [16].

Table 6. Selectivity coefficients for captopril CPE using separate solution method (SSM) and matched potential method

(MPM)
lon (J) K(SSM) K(MPM) lon (J) K(SSM) K(MPM)
Na* 1.9 x10° 3.4 x10 K* 5.0x10° 2.4x10°
Li* 3.1 x10°3 5.6 x10 Ni* 3.9x10* 6.2x10*
Mg? 8.5x10* 5.1 x10* Ca* 4.2x10%3 8.5x10*
Cr3* 1.7x10%2 7.4 x10 F 3.4x103 8.2x10*
n* 3.8x10* 5.4x10* Co?* 1.7x103 7.3x10*
Mn? 2.0 x10°3 6.1x10* Crzt 2.0x10* 5.2x10*
Fe2* 2.4 x10°3 3.1x10* Ascorbic acid 6.5x10° 5.3x10°
D-fructose 1.1 x10® 5.1x10* glucose 2.8x10° 6.3x10°°
Sucrose 7.9 x10° 4.6%x10° Uric acid 9.2x103 7.8x103
S04 2.2 x10° 3.2x10° Cl 3.2x10* 1.2x10°
PO+ 1.2 x10* 2.2x104 C204% 2.2x105 4.2x10°

Table 7. Results of captopril sensing in tablets by captopril CPE sensor

Added captopril (ug ml)

Measured captopril (ug ml)

Recovery (%)

0.5 0.52£0.01
5.00 5.08 £0.07
20.00 19.83 £ 0.04

102.0
101.4
99.2
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Table 8. Results of captopril sensing in plasma and urine by captopril CPE sensor

sample Added captopril (M) Measured captopril (M) Recovery (%)
plasma 1.00 x 103 0.99 (+0.03) x 102 98.75

1.00 x 10+ 0.97 (x0.04) x 10" 96.97

1.00 x 10 1.02 (x0.05) x 10 10.325
urine 1.00 x 103 0.97 (+0.04) x 10°° 96.75

1.00 x 10** 0.98 (+0.05) x 104 97.87

1.00 x 105 1.06 (+0.04) x 10 106.25

The application of analytical selective electrodes
was tested to determine the amount of captopril in
various biological and pharmaceutical samples.
The proposed electrode was used as an indicator
electrode in the titration of 25 ml of 0.1x 10° M
captopril solution with a solution of sodium
tetraphenylborate with a concentration of 0.1x102
M. The results showed that this electrode can be
used for captopril potentiometric titration endpoint
identification (see Fig. 8).

vimi)

-1%

Fig. 8. Captopril titration of 25 ml of 0.1x10° M
captopril solution with a solution of sodium
tetraphenylborate with a concentration of 0.1x102 M.

4. CONCLUSION

A novel potentiometric sensor established on a
carbon paste electrode modified with f-
cyclodextrin was designed for the determination of
the captopril drug. The CPE fabricated by applying
13% of B-CD ion carrier and Nujol binder agent
created the best Nernst slopes and concentration
range. The linear concentration range for this
electrode was 7.0x107-1.0x101 M and a low
detection limit of 2.0 x 107 M. The results showed
the suitable pH for optimal electrode operation is
in the range of 4 to 8.5. The reaction time of this
electrode is about 5 seconds. The suggested
captopril electrode has a very suitable selectivity to
anions such as F~, CI-, S04, PO4* and C,04> as
well as biological compounds such as glucose,
glycine, cytosine, lactose, urea and drugs such as
metformin, ibuprofen, fluvoxamine. The proposed
electrode can be used successfully for measuring
captopril in drug formulation, blood serum, and
urine samples. Finally, the noted electrode can also

be used for captopril potentiometric titration
endpoint identification
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