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Square-wave voltammetric sensing of Lawsone (2-hydroxy-1,4-naphthoquinone) based on the enhancement effect of cationic surfactant on anodically pretreated boron-doped diamond electrode
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Abstract
This paper describes the electroanalytical investigation and a voltammetric approach to measure lawsone inexpensively, simply and quickly using an anodically pre-treated boron-doped diamond (BDD) electrode. The molecule showed a well-defined, irreversible and diffusion-controlled oxidation peak at approximately + 0.19 V in phosphate buffer solution (PBS, 0.1 M, pH 2.5) using cyclic voltammetry. The oxidation peak heights of Lawsone were significantly increased in phosphate buffer using cetyltrimethylammonium bromide, the cationic surfactant. Using sensitive square-wave voltammetric technique, the oxidation peak current in 0.1 M PBS (pH 2.5) containing 0.1 mM CTAB at +0.20 V (vs. Ag/AgCl) increased linearly from 0.1 to 5.0 µM. A relative standard deviation of 5.43% was obtained for a detection limit of 0.029 µM and a concentration level of 0.1 µM (n = 10). The approach developed has been successfully applied to measure the lawone concentration in commercial henna samples.
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1. INTRODUCTION
Quinones constitute an important class of compounds naturally found in plants, fungi, and bacteria. Lawsone (2-hydroxy-1,4-naphthoquinone) (Fig.1.), known as hennotannic acid, is a red-orange dye found in the leaves of the henna plant (Lawsonia inermis) and water hyacinth flower.1-3 Henna leaves have been used as a cosmetic colorant for centuries and contain a high proportion of lawsone (1.0-1.4%). Henna extract or its purified compounds exhibit a variety of biological activities such as anti-microbial, cytotoxic, anti-inflammatory, antioxidant, anticancer and analgesic activities.4-7 Additionally, Lawsone is used as a corrosion inhibitor for metals such as aluminum (Al), iron (Fe), zinc (Zn) and nickel (Ni) in both acidic and alkaline solutions. Many articles have been published on the determination of lawsone content in plant extracts such as leaves, shoots and fruits by using HPLC methods.8-12
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Figure 1. Structure of Lawsone

However, there are a few studies available on the electrochemical redox properties and analytical application of lawsone. These analytical procedures were based on its adsorptive property at hanging mercury electrodes,13,14 and unmodified carbon electrodes.15 

Boron-doped diamond electrode (BDD), a new form of carbon, is widely used in both aqueous and non-aqueous media. It has important properties such as wide electrochemical potential window, low and stable background current, relative insensitivity to dissolved oxygen, low adsorption of pollutants, mechanical stability and high repeatability.16-20 Therefore, this electrode, which is used in many different application areas, is very important in terms of electroanalytical chemistry.

However, it should be noted that for many electroactive substances the BDD electrode is highly dependent on surface termination, which can be replaced by appropriate electrochemical pretreatment (anodic or cathodic)21 or mechanical treatment.22 To our knowledge, no study related to the determination of lawsone using a BDD electrode has appeared in the literature.
In this paper, the electrochemical oxidation and determination of lawsone using boron-doped diamond electrode for the first time is explained. Lawsone is an electroactive compound and through its oxidation it is possible to measure its amount in real samples. Determination of lawsone in commercial henna samples was carried out by square wave voltammetry.
2. EXPERIMENTAL

2.1. Chemicals

Lawsone standard compound and other chemicals in studies were purchased from Sigma. Henna samples were obtained from commercial local herbalists. Other reagents used were analytical grade and their solutions were prepared with deionized water further purified with a Milli-Q unit (Millipore). Because of Lawson's low solubility in aqueous solution, stock standard solutions (0.01 M) were prepared in methanol, stored in dark bottles at 4 0C when not in use. Phosphate (0.1 M, pH 2.5 and 7.4), Britton-Robinson (BR, 0.1 M, pH 2-8), and acetate (0.1 M, pH 4.7) buffers were used as support electrolyte solutions.
2.2. Apparatus
All voltammetric experiments for cyclic (CV) and square wave adsorptive stripping voltammetry (SW-AdSV) were completed using an Autolab PGSTAT128N (EcoChemie, Holland) supported by GPES 4.9 software. The counter electrode was platinum wire, the reference electrode was Ag/AgCl electrode and the working electrode was a boron-doped diamond (BDD) electrode. Before experiments, the BDD electrode was electrochemically pretreated in an independent electrochemical cell. At the start of each experiment day, the anodic pretreatment was completed by applying +1.8 V (unless otherwise stated) for 180 seconds in 0.5 M H2SO4 solution. An activation program was used with 30 seconds duration in the same experimental conditions between the individual measurements. Later, the BDDE surface was used directly for voltammetric measurements with repeatable signals.
2.3. Analytical procedure
After optimizing the experimental parameters for this proposed method, analytic curves were created by adding Lawsone standard solutions to 10 mL supporting electrolyte solution in order. SW voltammograms were recorded after each addition of the study compound. All measurements were repeated at least three times. Validation parameters like precision, accuracy, linearity, LOD (limits of detection) and LOQ (limits of quantification) were calculated with the recommended method. LOD and LOQ values were calculated using the following equations.

                                     LOD = 3s / m; LOQ = 10s / m, 

Here, s is the standard deviation of the peak current at minimum concentration in the relevant linear interval (preliminary study) and m is the slope of the relevant analytic curve. All data were obtained at room temperature.

2.4. Sample preparation
Nearly 0.1 g commercial henna sample was dissolved in 5 mL ethanol. Using pH 2.5 phosphate buffer solution, it was diluted to 20 mL, mixed at room temperature for 90 minutes and filtered. The obtained filtrate had SW voltametric studies completed with cationic surfactant, CTAB, with 0.1 M phosphate buffer in pH 2.5 solution. An aliquot volume of these solutions was transferred to the voltammetric cell containing the same solution, and analyzed in the day of preparation according to the procedure developed for the pure electrolyte using the calibration curve method from the related regression equation.
3. RESULTS AND DISCUSSION
3.1. Investigation of the electrochemical behavior on the boron doped diamond electrode
The electrochemical behavior of the anodically pre-treated BDD electrode (APT-BDD) (see below for pre-treatment studies) in Lawsone was researched with the CV method without accumulation on the electrode surface. With 0.2 mM Lawsone, 0.1 M phosphate buffer, pH 2.5 in the interval -0.5 to +0.6 V at 100 mV s-1 of scannig rate, cyclic voltammetry was studied in three cycles. In the oxidation step, a well-defined anodic peak was obtained at nearly 0.19 V for the Lawsone molecule on the first scan. In the reverse scan (return), a reduction peak was obtained at nearly -0.20 V (Fig. 2A).
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Figure 2. The repetitive cyclic voltammograms at scan rate of 100 mV s-1 (A), and the cyclic voltammograms at different scan rates (10, 25, 50, 100, 200, 400 and 600 mV s-1) (B) of 0.2 mM lawsone solutions in 0.1 M phosphate buffer (pH 2.5) solution. A; Dashed lines represent background current. B; Inset depicts the plot of peak current (Ip) vs. square root of the scan rate (ν1/2).

The effects of the scan rate for 0.2 mM Lawsone on the peak current was assessed with cyclic voltammetry at different scan rates from 10 to 600 mV s-1 at pH 2.5 in 0.1 M phosphate buffer solution.  As can be seen in Figure 2B, the oxidation peak was shifted toward more positive potential as the scan rate increased. The results show that the Lawsone oxidation peak current (Ia) increased linearly with the square root of the increasing scan rate (v1/2 ) and can be expressed as follows:
                         Ia (nA) = 258.98 v1/2 (mV s−1)1/2 – 306.96, (r = 0.999, n = 7).  

In addition, the linearities of plots of log ip versus log v are expressed as follows:

                           logIa (nA) = 0.588 logv (mV s−1) + 2.169 (r = 0.999, n = 7)     

According to the findings above, the theoretical value of the slope is close to 0.5, showing that the Lawsone electrooxidation on the APT-BDD electrode is basically diffusion controlled. To determine the number of transferred electrons (n) at the BDD electrode in the lawone oxidation reaction, the value of n was calculated using the equation αn = 47.7 / (Ep - Ep / 2) by the cyclic voltammetry technique. With this equation, Ep−Ep/2=50.0 mV was found. Hence, αn was calculated to be 0.954 mV. Generally, α (transfer coefficient) is assumed to be 0.5 in totally irreversible electrode process. So, n was calculated to be 1.91 (≈2). According to the result, Lawsone's electro-oxidation mechanism can be suggested as in Figure 3. 
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Figure 3. Proposed mechanism of lawsone
It is known that the electrochemical response of electroactive molecules on BDD electrodes depends on the type of pre-treatment. When the BDD electrode is pre-treated anodically, its surface changes to predominantly oxygen-terminated, in the case of cathodically pre-treatment the ratio of surface BDD electrodes predominantly changes to hydrogen-terminated.23 The electrode was treated both an anodically (+1.8 V for 180 s in 0.5 M H2SO4) and a cathodically (-1.8 V for 180 s in 0.5 M H2SO4) in this work.  The voltammetric response showed for the determination of 0.1 mM lawsone in pH 2.5, 0.1 M phosphate buffer solution after the BDD electrode was pretreated both anodically and cathodically (Fig. 4).  As can be deduced from these figures, the anodic pre-treament of the BDD electrode leads to higher voltammetric current value than cathodic pre-treament. Therefore, all the following experiments were carried out using an anodically pre-treated BDD electrode at +1.8 V for 180 seconds.
This electrochemical pretreatment procedure was repeated daily before starting the voltammetric measurements. On the other hand, it is worth mentioning that this anodic pretreatment (at +1.8 V for 30 s) procedure was carried out before each measurement in order to obtain reproducible and reliable results.
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Figure 4. SW voltammograms of 0.1 mM lawsone solutions obtained at the BDD electrode preteated with different cleaning procedures in 0.1 M phosphate buffer (pH 2.5) solution on APT-BDD electrode. SWV parameters: frequency, 50 Hz; step potential, 8 mV; pulse amplitude, 30 mV.

After these results, the effects of pH and supporting electrolyte were noted using SWV. SW modulation was chosen which combines good sensitivity with high rate and reduces problems related to contamination of the electrode surface. Figure 5A gives the SW voltammograms for 0.1 mM Lawson in BR buffer solutions from pH 2.0 to 8.0. As can be seen in the figure 5A, in acidic pHs (pH 2-4, BR buffer ), the oxidation peak potential of the lawsone molecule shifts towards more negative potential and the peak current decreases at neutral and basic pHs. Therefore, it is seen that protons on the APT-BDD electrode contribute to the electrochemical mechanism. The relationship between pH and peak potential (Ep) belonging to Lawsone is given in the following equation as a single slope region between pH 2 and 4.
Ep (mV) = -20.0 pH + 219.2, r = 0.995)

The peak potential did not change in practice at pH 4.0 and 5.0; however, from pH 5.0 to 6.0 a very small effect was observed in peak potential. From pH 6.0 to 7.0 again no change was observed. As the solution pH rose from 7.0 to 8.0, the oxidation peak was shifted toward slightly less positive potential values. SW voltammograms of the different supporting electrolytes are shown in Figure 4B. Using pH 2.5 and 7.4 of 0.1 M phosphate buffer  solutions, pH 4.7 of acetate buffer solution, oxidation peak potentials of 0.18, 0.14 and 0.09 V were obtained, respectively. As can be seen from Figure 5B, 0.1 M phosphate buffer  pH 2.5 was chosen as the most suitable medium because it gives sharp peak and high peak current.
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Figure 5. SW voltammograms of 0.1 mM lawsone solutions in Britton-Robinson buffer pH 2-8 (A), and in various supporting electrolytes (B). Other operating conditions as indicated in Fig.3.

To increase the sensitivity of the electrochemical process the effect of cationic surfactant (positive charge) on the Lawsone oxidation signal was assessed. Lawsone concentration was fixed to 0.1 mM within 0.1 M phosphate buffer (pH 2.5) solution and the concentration of 0.1 mM CTAB was investigated in the electrochemical cell. As can be seen on Figure 6, the addition of CTAB to the electrochemical cell caused the Lawsone peak potential to be shifted to more positive potential. When the peak currents are compared in the presence and absence of CTAB, the electrochemical cell containing CTAB was observed to have peak current increased by 4 times. Later, in order to choose the most appropriate surfactant for analytic purposes, the electrochemical reaction of anionic surfactant of sodium dodecylsulfate (SDS) and non-ionic surfactant of Tween 80 on Lawsone was researched. Figure 6 gives the SW voltammograms for different surfactant with 0.1 mM concentration. As can be seen on the figure, the cationic surfactant increased the peak current intensity by a significant degree compared to other surfactant and at the same time caused a shifted in peak potential.
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Figure 6. The SW voltammograms of 0.1 mM lawsone solutions in phosphate buffer (pH 2.5) at the different surfactants’ media on APT-BDD electrode. SWV parameters: frequency, 50 Hz; step potential, 8 mV; pulse amplitude, 30 mV.

The peak current obtained from SW voltammetry is linked to a variety of method parameters like frequency (f), step potential (ΔEs) and pulse amplitude (ΔEsw). Optimizing the method parameters is important in terms of sensitivity. When the frequency changed between 15 and 125 Hz (ΔEs = 8 mV, ΔEsw = 30 mV, fixed), the peak current increases linearly; however, the background current and noise increase at frequency values higher than 75 Hz. When the step potential is changed from 4 to 16 mV (f = 75 Hz, ΔEsw = 30 mV), the recorded signal increased up to 14 mV values and then slowly increased from 14 to 16 mV. Examining the form of the peak and current, the most appropriate step potential was evaluated as 14 mV. The effect of amplitude was investigated from 10 to 70 mV (Es = 14 mV, f = 75 Hz). The peak current of the molecule rapidly increased up to 70 mV. However, when assessed in terms of peak morphology, the sharper form of the peak and peak current, the most appropriate was determined to be 60 mV. In conclusion, the generally optimized parameters for all experiments below can be summarized in this way. f = 75 Hz, ΔEs of 14 mV and ΔEsw= 60 mV.
3.2. Analytical applications

Using the APT-BDD electrode, the most appropriate chemical conditions and instrumental parameters were created to record the analytic curve for the Lawsone molecule in 0.1 M phosphate buffer (pH 2.5) solution containing 0.1 mM CTAB. Figure 7 shows the SWV curves obtained by successive addition of Lawsone in the concentration interval from 0.1 to 5.0 µM. At +0.19 V potential peak current, the Lawsone concentration (Figure 7, inset) proportionally increased to give a very linear calibration graph: ip (µA) = 0.278 C (µM) + 0.065 (r = 0.999, n = 10). Here, ip is peak current, C is Lawsone concentration, r is the correlation coefficient and n is the number of experiments.
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Figure 7. SW voltammograms for lawsone levels of (1) 0.1, (2) 0.2, (3) 0.4, (4) 0.6, (5) 0.8, (6) 1.0, (7) 2.0, (8) 3.0, (9) 4.0 and (10) 5.0 µM in 0.1 M phosphate buffer (pH 2.5) solution with 0.1 mM CTAB. Inset depicts a corresponding calibration plot for the quantitation of lawsone on APT-BDD electrode. SWV parameters: frequency, 75 Hz; step potential, 14 mV; pulse amplitude, 60 mV.

Data obtained from the analytic curves were used to calculate LOD and LOQ values with the formulas 3 s / m and 10 s / m. The LOD and LOQ values were 0.029 μM and 0.097 μM, respectively. The comparison between the Lawsone estimation with the analytic parameters in the proposed method with some voltammetric methods previously reported in the literature is given in Table 1.
Table 1. Comparison of the efficiency of the BDD electrode with literature electrodes for lawsone determination. 
	Analyte
	Electrode
	Detection Limit (M)
	Reference

	lawsone-copper(II) complexes
	HMDE
	2.0×10-8
	[13]

	lawsone
	GCE
	6.0×10-9
	[15]

	lawsone–indigo mixtures
	HMDE
	------
	[14]

	lawsone
	APT-BDD
	2.9×10-8
	This work


HMDE, hanging mercury drop electrode; GCE, glassy carbon electrode; APT-BDDE, Anodically pretreatment boron-doped diamond electrode. 

The intraday and interday repeatability at the BDD electrode was evaluated under optimum experimental conditions. The intraday repeatability of peak current magnitude was determined with successive measurements of 0.1 µM Lawsone solution. The results of ten repeated measurements provided a relative standard deviation (RSD) of 5.43% showing repeatability of results. Additionally, interday repeatability was investigated by measuring the magnitude of the peak current response for the same Lawsone concentration at the BDD electrode on three consecutive days and the RSD was 6.87%. 

The recovery experiments were completed with standard Lawsone solutions (0.1, 0.6 and 1.0 µM) added to 10 mL sample solution within the voltammetric cell and voltammetric reactions were evaluated. Recovery of lawsone was calculated in comparison with pure Lawsone at the obtained concentration of the supplemented mixtures. As shown in Table 2, The recovery varied from 91.8% to 103.7% and this shows no interaction effects of these matrices. Lawsone can be quantitatively recovered with the proposed method so there is a guarantee of the accuracy of Lawsone voltammetric detection in commercial henna samples.

Table 2 Results of the recovery analysis of lawsone in the sample of the commercial henna samples.

	Lawsone added (µM)
	Level determineda (µM)
	Recovery (%) ± RSD (%)

	0
	0.59
	-

	0.1
	10.61
	91.8 ± 5.05

	0.6
	17.96
	105.9 ± 4.43

	1.0
	26.63
	103.7 ± 3.31


          aValues reported are the average of three independent analysis of each spiked sample
4. CONCLUSIONS

Henna is used as natural hair dye. Lawsone is an active chemical component in henna leaves. The electrochemical detection of Lawsone in commercial henna was performed. To develop a simple analytic method for detection of Lawsone, the SW voltammetric method was used for the first time with the relatively new electrode material of APT-BDD (without any modification of the electrode surface). Contributions to the sensitivity of the developed method were provided by the cationic surfactant CTAB.
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