A novel electrochemical CuO-nanostructure platform for simultaneous determination of 6-thioguanine and 5-fluorouracil anticancer drugs
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Abstract
Analysis of anticancer drugs is very important and necessary for the correct administration of them in the human body. Electrochemical behavior of 6-thioguanine (6-TG) has been studied using a carbon paste electrode modified by 1-ethyl-3-methylimidazolium tetrafluoroborate (ionic liquid) and CuO nanoparticles (CuO/1E3MIBF4/CPE). The CuO/1E3MIBF4/CPE showed the linear dynamic range of 70.0 nmol L1 to 520.0 mol L1 6-TG with the detection limit of 20.0 nmol L16-TG. The CuO/1E3MIBF4/CPE successfully applied for the determination of 6-TG in real samples. In addition, the anodic peaks of 6-TG and fluorouracil (5-FU) in their mixture can be well separated using CuO/1E3MIBF4/CPE and simultaneous determination of them was studied.
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1.Introduction
6-Thioguanine (6-TG) is a common anticancer and antitumor drug which is an analogue of the physiological purines, guanine and hypoxanthine. In addition, thioguanine has been applied for treatment of hematological malignancies, psoriasis and inflammatory bowel disease, such as Crohn’s disease. It has interaction with DNA and RNA and using it may have several side effects. Its main side effects are on the liver and it can cause hemotoxicity as well.1
5-Fluorouracil (5-FU) is an antimetabolite agent same as 6-thioguanine that is being used for treatment of cancer. This group of drugs disrupts nucleic acid synthesis and is toxic to normal cells.  It is a fluorinated pyrimidine and inhibits synthesis of DNA by blocking thymidylate synthetase. It is used in treatment of small tumors for which surgery is contraindicated. Particularly it is employed for the treatment of metastatic carcinomas of the breast, gastrointestinal tract, head and neck, and pancreas. Administered 5-Fluorouracil undergoes hepatic metabolism and about 10% of administered dose excretes unchanged in urine.2 Both 6-TG and 5-FU are in the list of World Health Organization's List of Essential Medicines.3
Control of the adverse side effects of drugs and determination the pharmacokinetics properties are the important reasons to measurement the drugs in pharmaceutical samples and in biological samples too. The many modified electrochemical sensors have been suggested for determination and studying interactions of 6-TG. Madueno et al. have been studied electrochemical oxidation of this anticancer drug (6-TG) including adsorption and phase formation on the mercury electrode.4 Wang et al. could measure 6-TG by modified gold electrode with DNA. Potassium ferricyanate was used as an electroactive indicator to probe the interaction between 6-TG and DNA.5 Ensafi et al. used the ability of 6-TG to form complex with Cu(II) and cathodic striping on the mercury electrode.6 Beitollahi et al. reported application of 2,7-bis(ferrocenyl ethyl)fluoren-9-one as a modifier of carbon paste electrode. They determined 6-TG based on electrocatalytic effect of modifier.7 Eksin et al. studied interaction between 6-TG and ss-DNA on the pencil graphite electrode and obtianed data confirmed interactions between 6-TG and ss-DNA.8 Beitollahi et al. reported determination of 6-TG and folic acid using amplified sensors with ZnO-CuO nanoplates and 2-chlorobenzoyl ferrocene.9
In recent years, nanomaterials have been widely used in electrochemical analysis methods.10-13 One of the effects of application of nanomaterials is due to the change in the active surface area of electrodes.14-16 This effect and some other effects that appear when the size of particles decreases to nanoscale, cause to improve performance of electrochemical methods.17 In addition, using electrically conducting liquids especially ionic liquids in the structure of paste electrodes, improves the sensitivity of the electrodes.18-26
In this work, synthesized CuO nanoparticles and 1E3MIBF4 were used for amplification of modified sensor. Composition of CuO/1E3MIBF4/CPE was optimized and CuO/1E3MIBF4/CPE was suggested to determine 6-TG in real samples. In addition, simultaneous determination of 6-TG and 5-FU was investigated using modified electrode. 
2. Experimental
2.1. Materials and devices
All chemical compounds (6-thioguanine, 5-fluorouracil, phosphoric acid, 1-ethyl-3-methylimidazolium tetrafluoroborate, copper(II) acetate, paraffin oil, sodium hydroxide and graphite powder) were purchased from Sigma-Aldrich Company in analytical grade and ultrapure water (18.2 M-cm) was used for preparation of solutions. Phosphate buffer solution (0.1 mol L−1) (PBS) was used for pH investigations.
Electrochemical measurements were executed by Autolab PGSTAT 12N, potentiostat/galvanostat in a conventional electrochemical cell (50ml). An Ag/AgCl electrode and a platinum wire electrode were applied as reference electrode and counter electrode respectively. CuO/1E3MIBF4/CPE was used as working electrode. 
2.2. Nanoparticle synthesis
200 ml of 0.2 mol L−1 copper(II)acetate mixed with 2.0 ml acetic acid solution and mixture was heated until it came to boil. Then 30.0 ml of 0.8 mol L−1 NaOH were added to the mixture. The color of the solution changed from blue to black. Afterwards, the mixture boiled for 2 h. After cooling the mixture in the air, it was centrifuged into solid and water and obtained solid was separated and washed. 
2.3. Fabrication of CuO/1E3MIBF4/CPE 
The composition of CuO/1E3MIBF4/CPE was optimized and optimum composition was contained 10% 1E3MIBF4 and 6% nanoparticles. Accordingly, a mixture including 6% 1E3MIBF4 as ionic liquid, 6% CuO nanoparticles and 84% graphite powder was prepared. About 1.0 ml diethyl ether was added to the mixture and were mixed together until a uniform mixture obtained. After vaporization of diethylether, the suitable value of viscose paraffin was added to the mixture and components mixed and obtained paste was inserted into the glass tube in the presence of copper wire. 
3. Results and discussion
3.1. Investigation of synthesized nanoparticles
Scanning electron microscopy (SEM) of synthesized nanoparticles confirmed synthesis of uniform spherical particles with nanoscale size (Figure 1.a). In addition, obtained EDX spectrum from synthesized nanoparticles confirmed the existence only oxygen and copper in the composition of nanoparticles (Figure 1.b).   
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Figure 1 a) SEM image b) EDX spectrum of synthesized CuO nanoparticles
3.2. pH effect
According to the previous electrochemical reported papers for analysis of 6-TG,27 we guessed the pH dependent electro-oxidation mechanism for determination of 6-TG at a surface of electrode. Therefore, linear sweep voltammograms of 6-TG (100.0 mol L1) were recorded in the pHs rage of 5.0- 8.0. As can be seen in figure 2 (inset), increasing pH of solution causes to shift oxidation peak potential into negative potentials. The slope of plot of potential versus pH was -61.2 mV/pH that close to anticipated Nernstian value (Figure 2). Consequently, indicates that the electro-oxidation of 6-TG occurred in the presence of equal value of proton and electron. The obtained result is agree with suggestion mechanism for electro-oxidation of 6-TG (scheme 1).27      
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Figure 2 Plot of potential vs. pH for the electrooxidation of 100.0 mol L−1 6-TG at CuO/1E3MIBF4/CPE. Inset: Linear sweep voltammograms of 100.0 mol L−1 6-TG with different pHs (scan rate = 100 mV s−1).
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Scheme 1 Proposed mechanism for oxidation of 6-TG on the electrode.


3.3. Effect of modification 
In this step, we investigated the synergic effect of modifiers on the 6-TG electro-oxidation signal by recording of linear sweep voltammograms 6-TG (100.0 mol L1) at a surface of CuO/1E3MIBF4/CPE (curve a), 1E3MIBF4/CPE (curve b), CuO/CPE (curve c) and CPE (curve d). As can be seen in figure 3, addition of CuO nanoparticles caused increasing oxidation current and shifting peak potential toward lower potentials. Addition of ionic liquid into the carbon paste had similar effects. Synergy between effects of addition of nanoparticles and ionic liquid caused to achieve maximum peak current and lower overpotential (Figure 3. a). In addition, the current density increased by moving CPE to CuO/1E3MIBF4/CPE (Figure 3. inset). 
These effects may be relative to conductivity effect of CuO nanoparticles and 1E3MIBF4 at a surface CPE. In addition, the active surface area of modified and non-modified electrodes CuO/1E3MIBF4/CPE, 1E3MIBF4/CPE, CuO/CPE and CPE were obtained based on the Randles–Sevcik equation (in the presence of 1.0 mM K4Fe(CN)6).14 The active surface areas of CPE, CuO/CPE, 1E3MIBF4/CPE and CuO/1E3MIBF4/CPE were calculated equals; 0.28, 0.31, 0.32 and 0.33 cm2, respectively.   
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Figure 3 Linear sweep voltammograms of (a) CuO/1E3MIBF4/CPE, (b) 1E3MIBF4/CPE, (c) CuO/CPE, and (d) CPE in the presence of 100 mol L−1 6-TG at pH 7.0. Inset: the current densities derived from voltammograms responses at same electrodes.
3.4. Electrochemical investigations
Linear sweep voltammograms of 6-TG (300.0 mol L1) at CuO/1E3MIBF4/CPE were recorded in the scan range between 10-100 mV/s (figure 4 insert). Linear relation between peak currents and square root of scan rates confirmed that the electrode process was controlled under the diffusion step. In addition, a kinetic limitation can be observed in this investigation due to shifted oxidation peak potential toward positive value. Also, the value of charge transfer coefficient () was obtained ~ 0.61 using slope of Tafel plot.
Chronoamperometry was also employed for investigation of 6-TG (300.0 and 500.0 mol L1) electro-oxidation at CuO/1E3MIBF4/CPE by applied single potential step 800 mV at CuO/1E3MIBF4/CPE. From the slopes of plots of I (current) versus t-1/2 (Figure 5), the average of diffusion coefficient of 6-TG was found to be 1.54×105 cm2s−1 (Cottrell equation).
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Figure 4 The Plot of Ipa vs. ν1/2 for electro-oxidation of 300 μmol L−1 6-TG. Insert; linear sweep voltammograms of CuO/1E3MIBF4/CPE containing 300 μmol L−1 6-TG at various scan rates; a-d correspond to 10.0, 20.0, 50.0 and 100.0 mV/s, respectively.
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Figure 5 Chronoamperograms obtained at CuO/1E3MIBF4/CPE in the presence of a) 300;and b) 500 μmol L−1 of 6-TG in the buffer solution (pH 7.0). Inset: Cottrell's plot for the data from the chronoamperograms.

4. Analytical features
In order to obtain calibration curve, square wave voltammograms (SWV) of solutions with different 6-TG concentrations were recorded at CuO/1E3MIBF4/CPE. Plot of net oxidation peak current versus concentration was linear in the range of 70.0 nmol L1 to 520.0 mol L1 6-TG with the regression equation being Ip(A) =0.076C6-TG+0.174 (R2=0.998)  and detection limit of the method was 20.0 nmol L1 6-TG (3Sb/m). This value of linear dynamic range or limit of detection compared with previous electrochemical sensor and results showed better analytical ability for proposed sensor (table 1).  





Table 1. Characteristics of several electrochemical methods for determination of 6-TG
	Ref.
	Detection limit
	Linear dynamic range
	Electrochemical
Method
	Technique

	4
	--
	--
	cyclic and ac voltammetry
	Study self-assembled monolayer of 6-TG on mercury electrode

	5
	6.0×10−9 mol L−1.
	2.0×10−8- 8.0×10−7 mol L−1
	differential pulse stripping voltammetry
	DNA‐modified gold electrode

	6
	0.08 n mol L−1
	0.15 – 180.0 nmol L−1
	cathodic adsorptive stripping
	Complex formation and adsorption on mercury electrode

	13
	22.0 nmol L−1
	0.06 - 10.0 μmol L−1 and  10.0 - 160.0 μmol L−1
	differential pulse voltammetry
	Electrocatalyst

	8
	--
	--
	differential pulse voltammetry, electrochemical impedance spectroscopy
	Study interaction between 6-TG and DNA

	9
	25  n mol L−1
	0.05 to 200.0 μmol L−1
	square wave voltammetric
	Electrocatalyst and using ZnO-CuO nanoplates

	this wok
	20.0 n mol L−1
	0.07 to 520.0 mol L1
	square wave voltammetric
	Modification of carbon paste with CuO nano particles and ionic liquid



The relative standard deviation for square wave signals of 25.0 μmol L1 6-TG at the surface of CuO/1E3MIBF4/CPE was 1.31% that confirmed excellent reproducibility. The stability of CuO/1E3MIBF4/CPE was checked by recorded square wave voltammograms of 25.0 μmol L1 6-TG over a period of 25 days. Compared to its first oxidation current, only 2.9% deviation was recorded when CuO/1E3MIBF4/CPE was used daily and stored in the laboratory. This suggests that CuO/1E3MIBF4/CPE possesses long-term stability.
To study the influence of various substances which may be potentially interfere with determination of 6-TG, the oxidation current of 50.0 mol L1 6-TG was measured in the presence of different concentrations of interfering species and was compared with current that obtained from 6-TG solution by acceptable error ±5%. The results have been shown in table 2 and confirmed selectivity of CuO/1E3MIBF4/CPE for analysis 6-TG.  

Table 2 Interference study for analysis of  50.0 μmol L-1 6-TG
	Species
	Tolerance limits (mole ratio)

	Glucose
	850

	Na+, Br-, Cl- ,  K+ ,  Ascorbic acid*
	550

	Phenyl alanine, Glycine, Methionine
	400

	Starch
	Saturation


* After addition of 1 mmol L-1 ascorbic oxidize



To study the application of CuO/1E3MIBF4/CPE for analysis of 6-TG in real samples, the CuO/1E3MIBF4/CPE was applied for determination of 6-TG in tablets and serum samples (Table 3).   


Table 3. Determination of 6-TG in real samples (n=5)
	Sample
	Added
(mol L1)
	Expected
(mol L1)
	Founded
(mol L1)
	Recovery
%
	Published method
(mol L1)

	Tablet
	––
	5.0
	4.92±0.35
	98.4
	4.95±0.28

	
	10.0
	15.0
	15.63±0.75
	104.2
	15.74±0.98

	Serum
	––
	––
	<Limit of detection
	
	

	
	20.0
	20.0
	20.75±0.82
	103.7
	19.75±1.01


  ±Shows the standard deviation
5. Simultaneous determination of 6-TG and 5-FU 
Square wave voltammogram of a solution contains 6-TG and 5-FU showed two distinguish peak current. In addition, changing the concentration of each one had no effect on the peak current of another one. Therefore, simultaneous determination was performed by simultaneously changing the concentrations of 6-TG and 5-FU and recording the SWVs. Figure 6 shows the calibration curves of 6-TG and 5-FU. The current sensitivities towards 6-TG in the presence and in the absence of 5-FU were found to be approximately equal  which confirms that the oxidation processes of 6-TG and 5-FU at CuO/1E3MIBF4/CPE are independent and simultaneous or independent measurements of two compounds are, therefore, possible without any interference. 
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Figure 6 Inset; SWVs of CuO/1E3MIBF4/CPE ( PBS buffer, pH 7.0) containing different concentrations of 6-TG and 5-FU in μmol L−1. (a–e) 50.0 + 200.0; 100.0 + 300.0; 200.0 + 400.0; 285.0 + 500.0 and 500.0 + 600.0, respectively. B) plot of the current as a function of 6-TG concentration. C) plot of the current as a function of 5-FU concentration.
6. Conclusion
As conclusion, we fabricated a novel electrochemical modified sensor amplified with CuO nanoparticles and 1E3MIBF4 for determination of 6-TG in the presence of 5-FU as two important anticancer drugs. The CuO/1E3MIBF4/CPE showed good analytical ability for nanomolar determination of 6-TG. The CuO/1E3MIBF4/CPE resolved overlapping signal of 6-TG and 5-FU at an optimum condition. The CuO/1E3MIBF4/CPE was used for analysis of 6-TG in real samples. 
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