Electrocatalytic determination of captopril


Electrocatalytic determination of captopril using a carbon paste electrode modified with N-(ferrocenylmethylidene) fluorene-2-amine and graphene/ZnO nanocomposite

Abstract:  A carbon paste electrode was modified with N-(ferrocenyl methylidene) fluorine-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 electrocatalytic oxidation of captopril, was described. The electrode was employed to study the electrocatalytic oxidation of captopril, using 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 μM) with a detection limit (3σ) of 0.05 μM. 
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INTRODUCTION
The electrochemical methods using chemically modified electrodes (CMEs) have been widely used as sensitive and selective analytical methods for the detection of the trace amounts of biologically important compounds. One of the most important properties of CMEs has been their ability to catalyze the electrode process via significant decreasing of over potential respect to unmodified electrode. With respect to relatively selective interaction of the electron mediator with the target analyte in a coordination fashion, these electrodes are capable to considerably enhance the selectivity in the electroanalytical methods.1–8
Captopril (CAP) with the chemical name of (2S)-1-[(2S)-2- methyl-3- sulfanylpropanoyl] pyrrolidine-2-carboxylic acid is an ACE inhibitor widely used in the treatment of hypertension and some types of congestive heart failure.9, 10 Captopril is a unique antihypertensive drug as it is the only one with a thoil-group in its structure. This gives it the ability to act as a scavenger of free radicals in living systems. A further advantage of the pharmaceutical is its antioxidant properties.11 

Captopril is used to treat high blood pressure and heart failure.12 It decreases 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 collagen vascular disease or renal insufficiency. Minor toxic effects which are seen include altered sense of taste, allergic skin rashes, and drug fever.13, 14
The determination of captopril is important both from a physiological point of view and for quality control purposes. Several methods have already been reported for the determination of captopril in pharmaceutical formulations and clinical samples, including high performance liquid chromatography, gas chromatography, spectrophotometry, fluorimetry, radiochemical, FT-Raman spectroscopy, capillary electrophoresis and chemiluminescence.15-19 
Captopril with its thiol group can oxidize at the surface of various electrodes and different electrochemical methods have been used for its determination.20-25
Carbon-paste electrodes (CPEs) are widely utilized to perform the electrochemical determinations of a variety of biological and pharmaceutical species owing to their low residual current and noise, ease of fabrication, wide anodic and cathodic potential ranges, rapid surface renewal, and low cost. Moreover, chemically modified electrodes (CMEs) can be easily prepared by adding different substances to the bulk of CPEs in order to increase sensitivity, selectivity, and rapidity of determinations.26-30 CPEs are widely applicable in both electrochemical studies and electroanalysis thank to their advantages. Besides the advantageous properties and characteristics listed before, the feasibility of incorporation different substances during the paste preparation (which resulting in the so-called modified carbon paste electrode), allow the fabrication of electrodes with desired composition, and hence, with predetermined properties.31-34
Therefore, in the present work, we describe the preparation of a new electrode modified with N-(ferrocenyl methylidene) fluorene-2-amine and graphene/ZnO nanocomposite and investigate its performance for the electrocatalytic determination of captopril in aqueous solutions.
EXPERIMENTAL
Apparatus and Chemicals

The electrochemical measurements were performed with an Autolab potentiostat/galvanostat (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 ± 10C. An Ag/AgCl/KCl (3.0 M) electrode, a platinum wire, and the graphene /Zno/FCPE were used as the reference, 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 (98%) 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 laboratoty as reported previously.35 Also, 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 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 monitored by TLC (n-hexane:ethyl acetate 20:1), the solid products was recrystallized in CH2Cl2 and absolute ethanol (2:1)to give the pure imine product as brown solid in 90%.
Preparation of the Electrode 

The graphene/ZnO/FCPEs were prepared by hand mixing 0.01 g of N-(ferrocenyl methylidene) fluorene-2-amine with 0.89 g graphite powder and 0.1 g graphene/ZnO nanocomposite 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 pushing an excess of the paste out of the tube and polishing with a weighing paper. For comparison, ferrocene derivatives modified carbon paste electrode (F-CPE) without graphene/ZnO, graphene/ZnO paste electrode (graphene/ZnO/CPE) without ferrocene derivatives, and unmodified carbon paste electrode (CPE) in the absence of both ferrocene derivatives and graphene/ZnO were also prepared in the same way.

Preparation of real samples
Captopril tablet (Ruzdarou, Iran) solution was prepared by completely grinding and homogenizing ten tablets of captopril, labeled 25 mg per tablet. Then, 25 mg of each tablet powder was accurately weighed and dissolved in 100 mL water by ultrasonication. After mixing completely, the mixture was filtered on an ordinary filter paper, 10 mL of which was subsequently transferred into a 100 mL volumetric flask and diluted to the mark with water. Then, 1.0 mL of the solution plus 4.5 mL of the 0.1 M PBS (pH 7.0) was used for analysis using the standard addition method.

Urine samples were stored in a refrigerator immediately after collection. Ten millilitres of the samples were centrifuged for 15 min at 2,000 rpm. The supernatant was filtered out by using a 0.45 µm filter. Next, different volumes of the solution was transferred into a 25 mL volumetric flask and diluted to the mark with PBS (pH 7.0). The diluted urine samples were spiked with different amount of captopril. The captopril content was analysed by the proposed method by using the standard addition method.

RESULTS AND DISCUSSION
Electrochemical Behavior of Graphene /ZnO/FCPE
Graphene/ZnO/FCPE was prepared and its electrochemical behavior studied using cyclic voltammetry (CV) technique in a 0.1 M phosphate buffer solution (PBS) (pH 7.0). A pair of reversible peaks were observed at Epa= 0.46 V and Epc= 0.32 V. The half-wave potential (E1/2) and ΔEp were 0.38 and 0.13 V, respectively. The peak separation potential, (ΔEp=Epa-Epc), is greater than the (59/n) mV expected for a reversible system, which indicates a quasi reversible behavior for the mediator in an aqueous medium.36 The electrode capability for the generation of a reproducible surface was examined 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 calculated RSD for various parameters is accepted as the criteria for a satisfactory surface 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 previous 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 presence of captopril. CVs were recorded in the presence of captopril after having cycled the potential 10 times at a scan rate of 10 mVs-1. 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 µM 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 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 ~450 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 c) 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 µM captopril (curve f), which can be related to the strong electrocatalytic effect of the graphene/ZnO/FCPE towards this compound.36 Also, unmodified CPE (curve a) in 0.1 M PBS (pH 7.0) did not show any oxidation peak.
The effect of potential scan rate on the electrocatalytic oxidation of captopril at the graphene/ZnO/FCPE was investigated by CV (Fig. 3). As can be observed 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 (Ip) vs. the square root of scan rate (v1/2) was found to be linear in the range of 10-900 mVs-1, suggesting that, at sufficient over potential, the process is diffusion rather than surface controlled (Fig. 3A). A plot of the scan rate-normalized current (Ip/v1/2) vs. scan rate (Fig. 3B) exhibits the characteristic shape typical of an EC' process.39
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Fig. 2. CVs of (a) unmodified CPE in 0.1M PBS (pH 7.0); (b) unmodified CPE in 0.1M PBS (pH 7.0) containing 60.0 µM captopril; (c) graphene/ZnO /FCPE in 0.1M PBS (pH 7.0); (d) Graphene/ZnO CPE in 0.1M PBS (pH 7.0) containing 60.0 µM captopril; (e) FCPE in 0.1M PBS (pH 7.0) containing 60.0 µM captopril and (f) graphene/ZnO /FCPE in 0.1M PBS (pH 7.0) containing 60.0 µM captopril. In all cases the scan rate was 10 mVs-1.
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Fig. 3. CVs of graphene/ZnO /FCPE in 0.1M PBS (pH 7.0) containing 40.0 µM captopril at various scan rates; numbers 1-10 correspond to  10, 20, 40, 60, 80, 100, 300, 500, 700 and 900 mVs-1, respectively. Insets: Variation of (A) anodic peak current vs. v1/2; (B) normalized current (Ip/v1/2) 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/KCl (3.0 M) 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 coefficient of D, the current observed for the electrochemical reaction at the mass transport limited condition is described by the Cottrell equation.39 

I =nFAD1/2Cbπ-1/2t-1/2
Where D and Cb are the diffusion coefficient (cm2 s-1) and the bulk concentration (molcm-3), respectively. Experimental plots of I vs. t-1/2 were employed, 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 1.2×10-6 cm2/s. 
Calibration Plot and Limit of Detection 
Although the increase of peak current with increasing step potential and pulse amplitude is implicit, these DPV parameters were optimized (E1=160 mV, E2= 600mV, Step potential=20 mV, pulse amplitude=25 mV). DPV method was used to determine the concentration of captopril (Fig. 5). The plot of peak current vs. captopril concentration consisted of two linear segments with slopes of 0.208 and 0.020 µA µM-1 in the concentration ranges of 0.1-100.0 µM and 100.0-800.0 µM, respectively. The decrease in sensitivity (slope) of the second linear segment is likely due to kinetic limitation.36The detection limit (3σ) of captopril was found to be 0.05 µM. 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 1). As can be seen in some cases, our dynamic range and detection limit is better than the research by Taei 37 and Mazloum Ardakani 39. Also, when comparing these works the selectivity of our work is better and we used the graphene for modified electrode. Recently graphene has attracted tremendous attention in electrochemical sensing because of its large specific surface area, superior mechanical strength, excellent electronic conductivity and high stability. Due to these properties, graphene has the ability to promote electron transfer reactions when used as an electrode, which provides an inexpensive and not toxic alternative to carbon nanotubes. In addition, unlike rolled structured carbon nanotubes, graphene is a two dimensional plenary sheet with open structure, hence both sides of graphene sheet could be utilized for supporting catalysis.
Interference Studies
The influence of various substances as compounds potentially interfering with the determination of captopril were studied under the optimum conditions with 10.0 µM captopril at pH 7.0. The potentially interfering substances were chosen from the group of substances commonly found with captopril in pharmaceuticals and/or in biological fluids. The tolerance limit was defined as the maximum concentration of the interfering substance that caused an error of less than ±5% for the determination of captopril. After the experiments, we found that neither 1000-fold of glucose, sucrose, lactose, fructose and nor 200-fold of alanine, phenyalanine, glycine, lucine, methionine, valine and nor 800-fold of Ca2+, Mg2+, Al3+, NH4+ , and F- affected the selectivity. Nor did saturation of starch solution and 150-fold of urea interfere with the determination of captopril. Only ascorbic acid typically shows some interference, it minimized by using ascorbic oxidize enzyme which exhibits a high selectivity to oxidation of ascorbic acid.
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Fig. 4. Chronoamperograms obtained at graphene/ZnO/FCPE in 0.1 M PBS (pH 7.0) for different concentration of captopril. The numbers 1-4 correspond to 0.1, 0.5, 1.0, and 1.5 mM of captopril. Insets: (A) Plots of I vs. t-1/2 and (B) plot of the slope of the straight lines against captopril concentration.
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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 µM of captopril. Inset: plots of the electrocatalytic peak current as a function of captopril concentration in the range of 0.1-100.0 µM (A) and 100.0-800.0 µM (B). 
Conditions: Step potential=20 mV, pulse amplitude=25 mV.
Real Sample Analysis
In order to evaluate the analytical applicability of the proposed method, also it was applied to the determination of captopril in captopril tablets and urine samples by using the standard addition method. Based on the repeated differential pulse voltammetric responses (n=5) of the samples that were spiked with specified concentration of captopril, measurements were made for determination of captopril concentrations in samples. The results are listed in Table 2. Satisfactory recoveries of the experimental results were found for folic acid. The reproducibility of the method was demonstrated by the mean relative standard deviation (R.S.D.).
Table 1. Comparison of the efficiency of some modified electrodes used in the electrocatalysis of captopril.

	Ref.
	LDR (μM)
	LOD (μM)
	Modifier
	Electrode

	37
	0.1-625.0
	0.87
	Multiwall Carbon Nanotubes / N-4,4'-azodianiline
	Carbon paste

	38
	0.1-350.0
	0.03
	Carbon nanotube
	Carbon paste

	39
	0.3-90.0
	0.10
	Multiwall Carbon Nanotubes
	Carbon paste

	This work
	0.1-800.0
	0.05
	graphene/ZnO /F
	Carbon paste




Table 2. The application of graphene/ZnO /FCPE for determination of captopril in captopril tablets and urine samples (n=5). All concentrations are in µM.

	Sample
	Spiked


	Found 


	Recovery (%)
	R.S.D. (%)

	Captopril tablet
	0
	9.5
	-
	3.4

	
	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 electrode by N-(Ferrocenyl methylidene) fluorene-2-amine and Graphene/ZnO nanocomposite. The electrochemical behavior of the 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 successfully resolves the overlapped voltammetric peaks of captopril. A low detection 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 determination of captopril. 
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