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Abstract: A carbon paste electrode (CPE) was modified with N-(ferrocenyl-
methylidene)fluorene-2-amine and graphene/ZnO nanocomposite. The electro-
oxidation of captopril (CAP) at the surface of the modified electrode was
studied using electrochemical approaches. The electrochemical study of the
modified electrode, as well as its efficiency for the electrocatalytic oxidation of
captopril, is described. The electrode was used to study the electrocatalytic
oxidation of captopril, by cyclic voltammetry (CV), chronoamperometry
(CHA) and differential pulse voltammetry (DPV) as diagnostic techniques. It
has been found that the oxidation of captopril at the surface of modified
electrode occurs at a potential of about 340 mV less positive than that of an
unmodified CPE. DPV of captopril at the electrochemical sensor exhibited two
linear dynamic ranges (0.1-100.0 and 100.0-800.0 uM) with a detection limit
(30) of 0.05 uM.

Keywords: captopril; carbon paste electrode; graphene/ZnO nanocomposite;
N-(ferrocenylmethylidene)fluorene-2-amine.

INTRODUCTION

The electrochemical methods using chemically modified electrodes (CMEs)
have been widely used as sensitive and selective analytical methods for the det-
ection of the trace amounts of biologically important compounds. One of the
most important properties of CMEs has been their ability to catalyze the elec-
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trode process via significant decreasing of over potential when compared to
unmodified electrodes. With respect to the relatively selective interaction of the
electron mediator with the target analyte in a coordination fashion, these elec-
trodes are capable to enhance the selectivity in the electroanalytical methods con-
siderably."™®

Captopril (CAP) with the chemical name of (2S5)-1-[(2S)-2-methyl-3-sul-
fanylpropanoyl|pyrrolidine-2-carboxylic acid is an ACE inhibitor widely used in
the treatment of hypertension and some types of congestive heart failure.”'° Cap-
topril is an unique antihypertensive drug as it is the only one with a thiol group in
its structure. This gives it the ability to act as a scavenger of free radicals in liv-
ing systems. A further advantage of the pharmaceutical are its antioxidant pro-
perties."!

Captopril is used to treat high blood pressure and heart failure.'? It decreases
the level of certain chemicals that tighten the blood vessels, so blood flows more
smoothly and the heart can pump blood more efficiently. Serious toxicity has
occurred primarily when captopril was given in high doses to patients with col-
lagen vascular disease or renal insufficiency. Minor toxic effects which are seen
include altered sense of taste, allergic skin rashes, and drug fever."*'*

The determination of captopril is important both from a physiological point
of view and for quality control purposes. Several methods have already been rep-
orted for the determination of captopril in pharmaceutical formulations and cli-
nical samples, including high performance liquid chromatography, gas chromato-
graphy, spectrophotometry, fluorimetry, radiochemical, FT-Raman spectroscopy,
capillary electrophoresis and chemiluminescence."” "’

Captopril with its thiol group can oxidize at the surface of various electrodes
and different electrochemical methods have been used for its determination.”® >’

Carbon-paste electrodes (CPEs) are widely used to perform the electroche-
mical determinations of a variety of biological and pharmaceutical species owing
to their own residual current and noise, ease of fabrication, wide anodic and cath-
odic potential ranges, rapid surface renewal, and low cost. Moreover, chemically
modified electrodes (CMEs) can be ecasily prepared by adding different sub-
stances to the bulk of CPEs in order to increase sensitivity, selectivity and
rapidity of determinations.”**° CPEs are widely applicable in both electrochem-
ical studies and electroanalysis thanks to their advantages such as very low back-
ground current (compared to solid graphite or noble metal electrodes), facility to
prepare, low cost, large potential window, simple surface renewal process and
easiness of miniaturization. Besides the advantageous properties and charac-
teristics listed before, the feasibility of incorporation of different substances
during the paste preparation (which results in the so-called modified carbon paste
electrode), allow the fabrication of electrodes with desired composition, and
hence, with predetermined properties.’'>*
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ELECTROCATALYTIC DETERMINATION OF CAPTOPRIL 1 77

Therefore, in the present work, we describe the preparation of a new elec-
trode modified with N-(ferrocenylmethylidene)fluorene-2-amine and graphene/
/ZnO nanocomposite and investigate its performance for the electrocatalytic det-
ermination of captopril in aqueous solutions.

EXPERIMENTAL
Apparatus and chemicals

The electrochemical measurements were performed with the Autolab potentiostat/gal-
vanostat (PGSTAT 302 N, Eco Chemie, the Netherlands). The experimental conditions were
controlled with General Purpose Electrochemical System (GPES) software. A conventional
three electrode cell was used at 25+1 °C. An Ag/AgCI/KCl (3.0 M) electrode, a platinum wire
and the graphene/Zno/FCPE were used as the reference (all potentials in the paper are referred
to this reference electrode), auxiliary and working electrodes, respectively. A Metrohm 710
pH meter was used for pH measurements. All solutions were freshly prepared with double
distilled water. Captopril and all other reagents were of analytical grade from Merck
(Darmstadt, Germany). The buffer solutions were prepared from orthophosphoric acid and its
salts in the pH range of 2.0-9.0. Graphene/ZnO nanocomposite was synthesized in our
laboratory as reported previously.”> A typical SEM of the synthesized graphene/ZnO
nanocomposite is shown in Fig. 1.

————— .
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Fig. 1. SEM image of synthesized graphene/ZnO nanocomposite.

Preparation of the electrode

The graphene/ZnO/FCPE were prepared by hand mixing 0.01 g of N-(ferrocenylmethyl-
idene)fluorene-2-amine (F) with 0.89 g graphite powder and 0.1 g graphene/ZnO nanocom-
posite with a mortar and pestle. Then, ~0.7 mL of paraffin oil was added to the above mixture
and mixed for 20 min until a uniformly wetted paste was obtained. The paste was then packed
into the end of a glass tube (ca. 3.4 mm i.d. and 15 cm long). A copper wire inserted into the
carbon paste provided the electrical contact. When necessary, a new surface was obtained by
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pushing an excess of the paste out of the tube and polishing with a weighing paper. For com-
parison, F-modified carbon paste electrode (F-CPE) without graphene/ZnO, graphene/ZnO
paste electrode (graphene/ZnO/CPE) without F, and unmodified carbon paste electrode (CPE)
in the absence of both F and graphene/ZnO were also prepared in the same way.
Preparation of N-(ferrocenylmethylidene)fluorene-2-amine

Ferrocenecarboxaldehyde (214 mg, 1 mmol) and 9H-fluoren-2-amine (181 mg, 1 mmol)
were mixed thoroughly using a pestle and mortar. After completion of the reaction as moni-
tored by TLC (n-hexane:ethyl acetate 20:1), the solid products was recrystallized in CH,Cl,
and absolute ethanol (2:1) to give the pure imine product as brown solid in 90 %.

RESULTS AND DISCUSSION
Electrochemical behavior of graphene /ZnO/FCPE

Graphene/ZnO/FCPE was prepared and its electrochemical behaviour was
studied using cyclic voltammetry (CV) technique. A pair of reversible peaks
were observed at E,, = 0.64 V and E|,. = 0.54 V. The half-wave potential (£,,)
and AE, were 0.59 and 0.10 V, respectively. The peak separation potential, AE, =
= Ey—E,., 1s greater than the (59/n) mV expected for a reversible system, which
indicates a quasi reversible behaviour for the mediator in an aqueous medium.*
The electrode capability for the generation of a reproducible surface was exam-
ined by cyclic voltammetric data obtained in a 0.1 M phosphate buffer solution
(PBS, pH 7.0) from five separately prepared graphene/ZnO/FCPE. The calcul-
ated RSD for various parameters is accepted as the criteria for a satisfactory sur-
face reproducibility (about 1-4 %), which is virtually the same as that expected
for the renewed or ordinary carbon paste surface. However, we regenerated the
surface of graphene/ZnO/FCPE before each experiment, according to our pre-
vious results. In addition, the long-term stability of the graphene/ZnO/FCPE was
tested over a three-week period. When CVs were recorded after the modified
electrode was stored in atmosphere at room temperature, the peak potential for
captopril oxidation was unchanged and the current signals showed less than 3.0
% decrease relative to the initial response. The antifouling properties of the
modified electrode toward captopril and its oxidation products were investigated
by recording the CVs of the modified electrode before and after use in the pre-
sence of captopril. CVs were recorded in the presence of captopril after having
cycled the potential 10 times at a scan rate of 10 mV s '. The peak potentials
were unchanged and the currents decreased by less than 2.9 %. Therefore, at the
surface of graphene/ZnO/FCPE, not only the sensitivity increases, but the fouling
effect of the analyte and its oxidation product also decreases.

Electrocatalytic oxidation of captopril at a graphene/ZnO/FCPE

Fig. 2 depicts the CV responses for the electrochemical oxidation of 60.0
UM captopril at unmodified CPE (curve b), Graphene/ZnO/CPE (curve d), FCPE
(curve e) and graphene/ZnO/FCPE (curve f). As it is seen, while the anodic peak
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ELECTROCATALYTIC DETERMINATION OF CAPTOPRIL 1 79

potential for captopril oxidation at the graphene/ZnO/CPE, and unmodified CPE
are 700 and 790 mV, respectively, the corresponding potentials at the surface of
graphene/ZnO/FCPE and CPE are ~340 mV. However, graphene/ZnO/FCPE
shows much higher anodic peak current for the oxidation of captopril compared
to FCPE, indicating that the combination of graphene/ZnO nanocomposite and
the mediator F has significantly improved the performance of the electrode
toward captopril oxidation.

In fact, graphene/ZnO/FCPE in the absence of captopril exhibited a well
behaved redox reaction (Fig. 2, curve ¢) in 0.1 M PBS (pH 7.0). However, there
was a drastic increase in the anodic peak current in the presence of 60.0 pM cap-
topril (curve f), which can be related to the strong electrocatalytic effect of the
graphene/ZnO/FCPE towards this compound.*® Also, the unmodified CPE (curve
a)in 0.1 M PBS (pH 7.0) did not show any oxidation peak.

25

f

Fig. 2. CVs of: a) unmodified CPE in
0.1 M PBS (pH 7.0); b) unmodified
CPE in 0.IM PBS (pH 7.0) con-
taining 60.0 uM captopril; c¢) gra-
phene/ZnO/ /FCPE in 0.1 M PBS (pH
7.0); d) graphene/ZnO CPE in 0.1 M
PBS (pH 7.0) containing 60.0 uM
captopril; e) FCPE in 0.1M PBS (pH
7.0) containing 60.0 uM captopril; f)
graphene/ZnO/FCPE in 0.1 M PBS
(pH 7.0) containing 60.0 uM cap-

0 350 700 topril. In all cases the scan rate was
E/mV rs.Ag/AgCUKCI 10mV s

I/pA

The effect of potential scan rate on the electrocatalytic oxidation of captopril
at the graphene/ZnO/FCPE was investigated by CV (Fig. 3). As it can be obs-
erved in Fig. 3, the oxidation peak potential shifted to more positive potentials
with increasing scan rate, confirming the kinetic limitation in the electrochemical
reaction. Also, a plot of peak height (/,) vs. the square root of scan rate (v'"?) was
found to be linear in the range of 10-900 mV s ', suggesting that, at sufficient
over potential, the process is diffusion rather than surface controlled (Fig. 3A). A
plot of the scan rate-normalized current ([p/vl/z) vs. scan rate (Fig. 3B) exhibits
the characteristic shape typical of an EC' process.*
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Fig. 3. CVs of graphene/ZnO/FCPE in 0.1 M PBS (pH 7.0) containing 40.0 uM captopril at

various scan rates; numbers 1-10 correspond to 10, 20, 40, 60, 80, 100, 300, 500, 700

and 900 mV s™', respectively. Insets: Variation of: A) anodic peak current vs. v''%;

B) normalized current (Ip/v” ) vs. v.

Chronoamperometric measurements

Chronoamperometric measurements of captopril at graphene/ZnO/FCPE
were carried out by setting the working electrode potential at 0.5 V vs. Ag/AgCl
(3.0 M KCl) for the various concentration of captopril in 0.1 M PBS (pH 7.0)
(Fig. 4).

For an electroactive material (captopril in this case) with a diffusion coef-
ficient D, the current observed for the electrochemical reaction at the mass trans-
port limited condition is described by the Cottrell equation:*

I= nFADl/ZCbn—l/Zt—l/Z

where D and C,, are the diffusion coefficient, cm? s™', and the bulk concentration,
mol cm >, respectively. Experimental plots of 7 vs. £ > were applied, with the best
fits for different concentrations of captopril (Fig. 4A). The slopes of the resulting
straight lines were then plotted vs. captopril concentration (Fig. 4B). From the
resulting slope and Cottrell equation the mean value of the D was found to be
1.2x10°cm’® s
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Fig. 4. Chronoamperograms obtained at graphene/ZnO/ FCPE in 0.1 M PBS (pH 7.0). The numbers
1—4 correspond to 0.1, 0.5, 1.0, and 1.5 mM of captopril, respectively. Insets: A) Plots of 7 vs. '
and B) plot of the slope of the straight lines against captopril concentration.

Calibration plot and limit of detection

DPV method was used to determine the concentration of captopril (Fig. 5).
The plot of peak current vs. captopril concentration consisted of two linear seg-
ments with slopes of 0.208 and 0.020 pA pM ™' in the concentration ranges of
0.1-100.0 uM and 100.0-800.0 puM, respectively. The decrease in sensitivity
(slope) of the second linear segment is likely due to kinetic limitation.*® The det-
ection limit (30) of captopril was found to be 0.05 uM. This value is comparable
with values reported by other research groups for electrocatalytic oxidation of
captopril at the surface of chemically modified electrodes by other mediators
(Table I).

Interference studies

The influence of various substances, as compounds potentially interfering
with the determination of captopril, was studied under optimum conditions. The
potentially interfering substances were chosen from the group of substances com-
monly found with captopril in pharmaceuticals and/or in biological fluids. The
tolerance limit was defined as the maximum concentration of the interfering sub-
stance that caused an error of less than 5 % in the determination of captopril.
According to the results, L-lysine, glucose, NADH, acetaminophen, uric acid,
ascorbic acid, dopamine, epinephrine, norepinephrine, L-asparagine, L-serine,
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L-threonine, L-proline, histidine, glycine, tryptophan, phenylalanine, lactose,
sucrose, fructose, benzoic acid, methanol, ethanol, urea, Mg*", A", NH,", F,
SO, and S* did not show interference in the determination of captopril.
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Fig. 5. DPVs of graphene/ZnO/FCPE in 0.1 M PBS (pH 7.0) containing different concentrations of
captopril. From inner to outer correspond to 0.1, 1.0, 5.0, 10.0, 20.0, 40.0, 60.0, 80.0, 100.0,
200.0, 400.0, 600.0 and 800.0 uM of captopril, respectively. Insets: plots of the
electrocatalytic peak current as a function of captopril concentration in the range of
0.1-100.0 uM (A) and 100.0-800.0 uM (B).

TABLE I. Comparison of the efficiency of some modified carbon paste electrodes used in the
electrocatalysis of captopril

Modifier LOD / yM LDR / yM Ref.
Carbon nanotube 243 7.0-2500.0 9
Graphene/ferrocene composite 0.87 1.0-430.0 37
Carbon nanotube 0.03 0.1-350.0 38
Multiwall Carbon Nanotubes 0.10 0.3-90.0 39
Graphene/ZnO/F 0.05 0.1-800.0 This work

Real sample analysis

In order to evaluate the analytical applicability of the proposed method, it
was also applied to the determination of captopril in captopril tablets and urine
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ELECTROCATALYTIC DETERMINATION OF CAPTOPRIL 1 83

samples. Based on the repeated square wave voltammetric responses (n =5) of
the samples that were spiked with specified concentration of captopril, measure-
ments were made for determination of captopril concentrations in samples. The
results are listed in Table I1.

TABLE II. The application of graphene/ZnO/FCPE for determination of captopril in captopril
tablets and urine samples (n = 5)

Sample Spiked concentration Found concentration Recovery RSD
M uM % %

Captopril tablet 0 9.5 - 34
2.5 12.2 101.7 2.1
7.5 16.9 99.4 1.8
12.5 21.5 97.7 2.6

Urine 0 - - -
5.0 5.1 102.0 1.9
10.0 9.8 98.0 3.1
15.0 15.1 100.7 2.3

CONCLUSIONS

This work describes the ability of a chemically modified carbon paste elec-
trode by N-(ferrocenylmethylidene)fluorene-2-amine and graphene/ZnO nano-
composite. The electrochemical behaviour of captopril was studied by cyclic
voltammetry. The results showed that the oxidation of captopril is catalyzed at
pH 7.0, with the peak potential of captopril shifted by 340 mV to a less positive
potential at the surface of the modified electrode. The modified electrode suc-
cessfully resolves the overlapped voltammetric peaks of captopril. A low detect-
ion limit, together with the ease of preparation and regeneration of the electrode
surface, as well as a long time of stability and reproducibility, makes the system
discussed above useful in the construction of simple devices for the determin-
ation of captopril.

H3BOI
EJIEKTPOKATAJIMTUYKO OOPEBUBAILE KAIITOITPUJIA KOPUIIRELEM EJIEKTPOJE

O YITJbHUYHE ITACTE MOOJVU®UKOBAHE N-(®EPOLJEHUJIMETUIIIUEH)®JIYOP-2-
-AMUHOM U HAHOKOMIIO3UTOM I'PA®EH/Zn0O
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Enexrpoma on yrseHHuHe macte je Suna monudukoBaHa N-(depoLeHWIMeTHIIUeH)-
(iryop-2-aMMHOM M HaHOKOMIIO3UTOM rpadeH/ZnO. Ha NOBPUIMHM TakBE €JNEKTPOAE je
UCIIUTHBAHA €JIEeKTPOXEMHjCKa OKCHAalMja kanrtompuiaa. KopuimrheHe cy meTone LUKIMYHE
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BOJITAMETpHUje, XpOHOaMIIepoMeTpHje U TudepeHnHjaiHe MyJICHe BolTaMeTpHje. YTBpheHo je
Ja ce eJeKTPOXEeMHjCKa OKCHIallMja KalToNpuia Ha IOBPUIMHHU MOAU(HUKOBAaHE EIEKTPOLE
oJurpaBa Ha NOTEHUHjaJIMMa KOjH Cy 3a ok0 340 mV HeraTUBHHjH Of MOTEHIMjala Ha KOjUMa
Ce MCTa peakldja ofurpaBa Ha HeMOAHU(HUKOBAHO]j enexkTpofu. JudepeHuMjanHa IMyJICcHa
BOJITaMETpHja KaTONPHIa Ha OMHCaHOM eeKTPOXeMHjCKOM CeH30py IoKa3yje 1Ba JIMHeapHa
IouHamuuka omncera (0,1-100,0 u 100,0-800,0 M) ca rpanunom nerexuuje (30) ox 0,05 pM.
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