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Abstract: Cyclic voltammetry (CV) was performed on tamoxifen (tam) using different electrodes and in various acidic

electrolytes containing 10% v v−1 methanol (MeOH). Tam oxidation was found to be most favorable using 0.1 mol

L−1 H2SO4 . To investigate the mechanism, we performed chronoamperometry, CV at different scan rates, differential

pulse anodic voltammetry (DPAV), and electrochemical impedance spectroscopy on tam-covered glassy carbon electrodes

(GCEs). The electrode area, diffusion coefficient, and surface concentration (Γ) of tam were calculated to be 0.062 cm2 ,

3.65 × 10−6 cm2 s−1 , and 3.2 × 10−10 mol cm−2 respectively. Then the effects of different parameters on the

DPAV were optimized. The best conditions were 2.5% v v−1 cMeOH, 0.1 mol L−1 H2SO4 , deposition potential 0.4 V,

deposition time 30 s, and GCE rotating rate 400 rpm. Therefore, the calibration curve was plotted in the range of 0.5

to 5 µg mL−1 . The limits of detection and quantitation (LOD and LOQ) were found to be 0.008 and 0.025 µg mL−1 ,

respectively. The relative bias and standard deviation of 2 µg mL−1 tam were estimated to be 5% (n = 5) and 2.3%,

respectively. Finally, the proposed method was successfully employed for the determination of tam in real samples.
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1. Introduction

Tamoxifen (tam) is a medication that was discovered in 1967; it is recommended for preventing breast cancer

in women and for the treatment of hormone-sensitive breast cancer in both women and men.1 This medication
is an estrogen antagonist and can bond to estrogen receptors and suppress the growth of breast tumors. It is

metabolized in the liver by enzymes, including CYP2D6 and CYP3A4. The resulting metabolites, 4-hydroxy

tam (afimoxifene) and N-desmethyl-4-hydroxytamoxifen (endoxifen), have 30 to 100 times more affinity for

estrogen receptors than that of tam alone.2 However, tam and its metabolites block growth factor proteins

in breast tissue.3 Then this complex inhibits the effects of estrogen and suppresses the DNA synthesis in cell

proliferation.4−7

Different analytical methods have been developed to investigate and determine tam and its metabo-

lites in biological and pharmaceutical products. One of the major steps in obtaining a drug certificate

is completing an analytical study. Analytical techniques, such as spectrophotometry,8−12 Fourier trans-

form infrared spectroscopy,13,14 high-performance liquid chromatography,15,16 gas chromatography,17,18 ion

chromatography,19,20 capillary electrophoresis,21−26 fluorescence and phosphorescence methods27−30 , and elec-
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trochemical methods, such as polarography,31 cyclic voltammetry (CV),32 differential pulse voltammetry,33 and

amperometry,34 have been used to analyze and control the dosage of tam in different samples. Among these

methods, electrochemical techniques have some advantages, including simplicity, low cost, and fast speed. These

methods can provide valuable parameters, such as the diffusion coefficient, a kinetic constant, a stability coeffi-

cient, and the number of electrons contributing to the electrode reactions. Valuable pharmacology information

on some anticancer drugs can be obtained through electrochemical techniques. The action mechanism, inter-

mediate detection, and side effects of an anticancer drug can be investigated through different electrochemical

experiments. Research on anticancer drugs demonstrates that most of these types of medications have elec-

troactive groups, such as OH and NH2 . Thus, the electroanalytical signals of these drugs can be attributed

to the oxidation of these functional groups or oxidative cyclization reactions.35 Consequently, electrochemical

techniques have attracted significant attention in the analysis of these drugs due to their low detection limits and

their speed. The DPAV behavior of tam on glass carbon electrodes (GCEs) in B-R buffer has shown significant

oxidation peaks.35 These peaks were also observed in carbon-paste electrodes.36 Therefore, some researchers

have attributed these peaks to the cyclization reactions of tam.35−37

The aim of this study was to find sufficient electrolytes and electrodes in order to diminish the effects of

the phenomena limiting counter and working electrode reactions during tam oxidation. The major goal of this

research was to enhance the current peak of tam oxidation, as previously reported.35 Therefore, the voltammetry

behavior of tam in different electrolytes, such as B-R buffer, H2SO4 , HCl, H3PO4 , and CH3COOH on the

surfaces of solid-state electrodes, such as Pt, Au, GCE, and multiwall carbon nanotubes (MWCNTs) paste

electrode, were investigated. Chronoamperometry, cyclic voltammetry, and EIS were performed to show the

process that contributes to the tam oxidation reactions, and a simple, sensitive, and cheap DPAV was used to

obtain a novel methodology for the determination of tam in different samples using electrolyte-assisted signal

enhancement. Finally, the proposed method was used to test the content of tam in pharmaceutical products

and in blood serum samples.

2. Results and discussion

2.1. Cyclic voltammetry

In the first experiment, the CV of tam in different electrolytes, such as CH3COOH (Figure 1a), H3PO4 (Figure

1b), B-R buffer (Figure 1c), HNO3 (Figure 1d), and H2SO4 (Figure 1e) on GCEs was recorded. As can be

seen, an irreversible peak centered at about 1 V appeared in different electrolytes. This peak is attributed to the

electrochemical cyclization reactions of tam (Scheme).37 The cyclization reactions of tam that take place in an

anodic sweep produces 2 mol of protons per 1 mol of tam. However, the presence of an excess amount of H+ ions

not only enhances hydrogen evolution at the auxiliary electrode but also suppresses tam cyclization and decreases

the current peak related to the reaction. The obtained results show that the sharpest peak was achieved in 0.1

mol L−1 H2SO4 . Therefore, H2SO4 (as a strong acid) diminishes the resistance of electrochemical media and

subsequently enhances the total current of the electrochemical circuit. It is valuable to note that the presence

of H+ ions can affect the total current positively or negatively. Thus, the H+ concentration must be adjusted

to achieve minimum electrochemical resistance against the total current. In addition, the peak height decreases

with increasing pKa (KCH3COOH = 1.75 × 10−5 and K1H3PO4 = 7.11 × 10−3). Compared with 0.1 mol L−1

H2SO4 , 0.2 mol L−1 HNO3 caused the peak current to decrease and to shift to less positive potential due to

the oxidative nature of NO−
3 ions in acidic media.
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Figure 1. CV of 5 µg mL−1 tam on the GCE in 0.2 mol L−1 CH3COOH:10% v v−1 MeOH (a) 0.1 mol L−1

H3PO4 :10% v v−1 MeOH (b), B-R buffer pH 4.2:10% v v−1 MeOH (c), 0.2 mol L−1 HNO3 :10% v v−1 MeOH (d),

and 0.1 mol L−1 H2SO4 :10% v v−1 MeOH (e). Scan rate = 100 mV s−1 .
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To predict the electrochemical behavior of Tam in H2SO4 on different solid-state electrodes, the CVs were

also recorded on the Au (Figure 2a), Pt (Figure 2b), MWCNT paste (Figure 2c), and MWCNT-GC (Figure

2d) electrodes. As seen, no considerable peak appeared on the other electrodes compared to the bare GCE

(Figure 2e). Pt and Au electrodes are sufficient for evolving oxygen gas via H2O oxidation. To increase the

electrochemical surface of the GCE, the bare GCE was modified by MWCNTs. On the surface of MWCNT-GCE,

the oxidation peak attributed to tam disappeared due to the strong adsorption of tam on the MWCNT-GCE

compared to the bare GCE.38 Hence, 0.1 mol L−1 H2SO4 and the bare GCE were chosen as the best electrode

and electrolyte, respectively, for performing the following experiments.

2.2. Mechanistic studies

2.2.1. Chronoamperometry

One useful electrochemical technique for finding the electrochemical surface area and diffusion coefficient of an

analyte is chronoamperometry. In this technique, the working electrode surface is excited by a potential step,

and the faradic current caused by the transfer of electrons changes with respect to time, as described in the

Cottrell equation as follows:

i = nFAC∗
jD

1/2
j π−1/2t−1/2, (1)

where i is the current in unit A, n is the number of electrons per molecule that contributes to an electron

transfer event, F is the Faraday constant (i.e. 96485 C mol−1), A is the area of the electrode surface in cm2 ,

C∗
j is the bulk concentration of analyte in mol cm−3 , D j is the diffusion coefficient for species j in cm2 s−1 ,

and t is the time in seconds.

To simplify the equation, the constants (i.e. n, F, A, C∗
j , and D j) are collected in K. Therefore, the

equation is rewritten as follows to achieve good linearity between 2 and 10 s:

i = Kt−1/2 (2)

In this investigation, K4Fe(CN)6 was first used as a probe to determine the electrochemical surface area; its

diffusion coefficient was 6 × 10−6 cm2 s−1 . To find the electrochemical surface area, different concentrations

of K4Fe(CN)6 , including 0.5, 1, 5, and 10 mmol L−1 , were tested, and different chronoamperograms were

recorded (Figure 3a). The Cottrell plots (i vs t−1/2) are also plotted (Figure 3b), and their slopes versus the

K4Fe(CN)6 concentration are highlighted (Figure 3c). As defined previously, the collected K was a function

of [K4Fe(CN)6 ], and its slope was equal to FAC∗
j D

1/2
j π−1/2 . Therefore, the electrochemical surface area (A)

was calculated to be 0.062 cm2 . However, the electrochemical characteristics of the GCE (OD = 3 mm) were

close to the geometrical surface area of the electrode (∼ 0.07 cm2). The final goal of this investigation was to

determine the diffusion coefficient of the tam analyte. Hence, two concentrations of tam were chosen: 3 and 6

mmol L−1 in 0.1 mol L−1 H2SO4 :10% v v−1 MeOH. After that, the chronoamperometry experiments were

conducted. The plots of i versus t (Figure 4a) and i versus t−1/2 (Figure 4b) were recorded, and the average

diffusion coefficient of tam was found to be 3.65 × 10−6 cm2 s−1 .

2.2.2. Voltammetric observations

To investigate the processes contributing to the electrode’s reactions, the influence of the scan rate on the

cyclic voltammograms (Figure 5a) was studied, as useful electrochemical information can be obtained from
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Figure 2. CV of 5 µg mL−1 tam in 0.1 mol L−1 H2SO4 :10% v v−1 MeOH (as blank solution) on Au (a), Pt (b),

MWCNT paste(c), MWCNT-GC (d), and GC electrode (e). Scan rate = 100 mV s−1 .
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Figure 3. Chronoamperometry curves of [K4Fe(CN)6 ]. i versus t (a), i versus t−1/2 (b) and slope of i- t−1/2 versus

[K4Fe(CN)6 ] (c). Potential step 0.3 V, recording time 100 s, and interval time 0.01 s.

the relationship between the peak current and the scan rate. Studies of the scan rate (ν) were carried out to

demonstrate whether the reaction on a GCE is diffusion or adsorption controlled. The effects of ν (mV s−1)

and
√
ν (mV s−1)1/2 on the peak current are shown in Figures 5b and 5c, respectively. As seen in Figure 5b,

the effect of the scan rate on the oxidation peak current showed a better linear relation at a rate of 25 to 300

mV s−1 . Therefore, the kinetics of tam oxidation on the GCE in 0.1 mol L−1 H2SO4 :10% v v−1 MeOH were

controlled by the adsorption process. As shown in Figure 5b, the linear equation is expressed as follows:

IP = 0.0744ν + 1.3713, (3)

which is based on Laviron’s equation as follows:39

IP = n2F 2 νAΓ/4RT, (4)

where A (= 0.062 cm2 obtained from chronoamperometry) is the area of used GCE, n (= 2) is the number of

electrons per one mole of tam, F is the Faraday constant, ν (mV s−1) is the scan rate, R is the gas constant, and

T is the thermodynamic temperature. The slope of IP versus ν was used to find the surface concentration (Γ)

of the analyte. The Γ value was calculated to be 3.2 × 10−10 mol cm−2 . This amount of surface concentration

is very close to the other component adsorbed on the GCE before charge transfer.40

A DPAV investigation was also carried out to emphasize the contribution of the surface phenomena in

this reaction. In the first step of this study, the electrochemical circuit was open and the rotation rate was

400 rpm (120 s). Tam was self-accumulated on the surface of the GCE from the 0.1 mol L−1 H2SO4 :10%
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Figure 4. Chronoamperometry plots of tam. i versus t (a) and i versus t−1/2 (b). Potential step 1.1 V, recording time

100 s, and interval time 0.01 s.

v v−1 MeOH solution (i.e. the blank sample) containing 5 µg mL−1 tam. Then the tam-covered GCE

was rinsed with double-distilled water, and the DPAV was recorded in fresh 0.1 mol L−1 H2SO4 :10% v v−1

MeOH. In the second step, a tam-covered GCE was prepared via electrochemical deposition at –1.4 V versus

the Ag/AgCl reference electrode in a stationary condition (120 s). Subsequently, the DPAV was recorded in the

same conditions as the previous one. In the final step, a tam-covered GCE was prepared via electrochemical

deposition at 400 rpm for 120 s. The obtained voltammograms are presented in Figure 6. As seen, dynamic

self-accumulation and electrochemical deposition both accelerate the adsorption of tam by the GCE surface,

as the highest signal for the DPAV of the tam-covered GCE in fresh solution was achieved in these conditions.

Therefore, the preconcentration of tam on the surface of the GCE under stirring and after applying cathodic

potential can enhance the tam oxidation peak. However, in this study, tam oxidation was extensively controlled

by the surface phenomena.

2.2.3. Impedance investigations of the bare GCE and tam-covered GCE

To further interpret the tam and GCE interactions, EIS was carried out. The Nyquist plots of the bare GCE

and tam-covered GCE (tam deposited by 120-s electrolysis at –1.4 V and a rotating rate 100 rpm in 0.1 mol

L−1 H2SO4 :10% v v−1 MeOH in acetate buffer with a pH of 4 (Figures 7a and 7b) and in the 0.2 mol L−1

NaOH at the presence of 0.1 mol L−1 [Fe(CN)6 ]
−3/−4 (Figure 7c) were recorded at OCP (0.16 V) and 0.25

V, respectively. Their electrochemical responses are different; the shape of a Nyquist plot depends on the
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Figure 5. CV of 2 µg mL−1 tam in 0.1 mol L−1 H2SO4 :10% v v−1 MeOH on GCE at different scan rates (a), the

peak height versus the scan rate (b), and the peak height versus the square root of the scan rate and (c).

Figure 6. DPAV in fresh 0.1 mol L−1 H2SO4 :10% v v−1 MeOH (blank) for the bare GCE (a), and for the tam-covered

GCEs prepared from 5 µg mL−1 tam in blank; via the self-accumulation under an open circuit and a rotation rate 400

rpm (120 s) (b), via deposition at –1.4 V vs Ag/AgCl and a rotation rate 0 rpm (120 s) (c), and via the deposition at

–1.4 V vs Ag/AgCl and a rotation rate 400 rpm (120 s) (d).
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electrode’s surface properties and the electrolyte medium. As shown in Figure 7b, the tam layer adsorbed on

the surface of the GCE caused a slight change in the diameter of the Nyquist semicircle. The smaller semicircle

at high frequencies observed for bare GCE suggests fast charge transfer kinetics with respect to the tam-covered

GCE. It was also observed that the slope angle of the linear part was closer to 45◦ for the bare GCE (Figure

7a), which suggests more pronounced diffusion of the acetate buffer bulk electrolyte from the bare GCE surface.

It is also clear that the slope angle of the Nyquist linear part for the tam-covered GCE was closer to 90◦ for the

charge consumption event (Figure 7a), as the formation of the tam layer during cathodic deposition prevented

diffusion to the GCE surface. To emphasize the change in the interface properties of GCE after the cathodic

deposition of tam, the EIS response of the [Fe(CN)6 ]
−3/−4 probe was also recorded in 0.2 mol L−1 NaOH

(Figure 7c). It is obvious that the Nyquist semicircle’s diameter for the bare GCE was smaller than that of

the Nyquist semicircle for the tam-covered GCE. Therefore, this investigation indicated the high value of the

charge transfer resistance of Fe(III)/Fe(II) in the tam-covered GCE compared to that of the bare GCE. Hence,

these EIS observations demonstrate the cathodic adsorption of tam analytes before charge transfer.

2.3. Influence of different parameters on the differential pulse voltammetry current peak

The following experiments were carried out under a tam concentration of 5 µg mL−1 , 0.1 mol L−1 H2SO4 ,

a deposition potential of –1.4 V, a mixing rate of 400 rpm, and a deposition time of 30 s, except when that

parameter was under investigation. It is noted that the scan rate 10 mV s−1 , pulse amplitude 0.025 V, and

pulse interval time 0.5 s were chosen as the DPAV experiment’s conditions.

2.3.1. Effects of MeOH

To investigate the effects of MeOH on the current peak of tam oxidation, the MeOH content was varied from

1% to 40% v v−1 . As shown in Figure 8, the current peak decreased with increasing MeOH concentrations,

as electrolyte conductivity (Figure 8, inset) decreased and the current peak was suppressed. This investigation

demonstrated that the highest current peak was obtained by 2.5% v v−1 MeOH in 0.1 mol L−1 H2SO4 .

Although the presence of MeOH suppressed the peak high, it caused proper dispersion of the tam analyte

through the electrolyte, as no significant changes in the electrolyte resistance were achieved compared to 1% v

v−1 MeOH. Therefore, 0.1 mol L−1 H2SO4 :2.5% v v−1 MeOH was chosen for the next experiments.

2.3.2. Effects of H2SO4

To investigate the influence of the H+ ions, DPAV experiments were carried out with different concentration

levels of H2SO4 . As shown in Figure 9, the peak current was increased by increasing the H2SO4 concentration

from 0.01 to 0.1 mol L−1 . This is because, in 0.1 mol L−1 H2SO4 , the resistance against the current flow was

less than that in 0.01 mol L−1 H2SO4 . However, when the H2SO4 concentration was greater than 0.1 mol

L−1 , the current peak decreased considerably due to the suppressing effect of the high concentration of the

H+ ions in the cyclization equilibrium. However, with an increasing H+ ion concentration, the peak potential

became less positive due to thermodynamic effects on both working and auxiliary electrode reactions. Hence,

0.1 mol L−1 H2SO4 was chosen as the best concentration to perform the following experiments.
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Figure 7. Nyquist plots of bare (o) and tam-covered GCE (?) in acetate buffer (pH 4) for all (a) an high-frequency (b)

regions, and in 0.2 mol L−1 NaOH containing 0.05 mol L−1 [Fe(CN)6 ]
−3/−4 (c). Frequency range = 105 to 0.1 Hz,

AC amplitude = 0.1 V.

2.3.3. Effects of the deposition potential

The deposition potential varied from 0.8 to –2 V. The obtained voltammograms and the current peak versus

the deposition potential (inset) are shown in Figure 10. As shown, the highest peak resulted from a deposition

potential of –0.4 V. As the deposition potential shifted to more positive values, the current peak decreased,

because the tam is better adsorbed in a negative potential compared to the more positive potentials.35 In

addition, the current peak was decreased by diminishing the deposition potential to more negative values (<–

0.4 V). This is because the hydrogen evolution reaction was accelerated in these potentials and suppressed

the adsorbing of the tam analyte. Based on these results, an adsorptive process predominantly contributes

to the DPAV of tam. Hence, a deposition potential of –0.4 V was selected as the optimal value for the next

experiments.
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Figure 8. Effects of MeOH content on the peak height of tam oxidation and the plot of specific conductivity versus

MeOH content (inset).

Figure 9. DPAV of 5 µg mL−1 tam in 0.01(a), 0.1(b), 0.5 (c), 1 (d), and 2(e) mol L−1 H2SO4 :2.5% v v−1 MeOH.
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Figure 10. Obtained DPAV at different deposition potential and the plot of the current peak versus the deposition

potential (inset).

2.3.4. Effects of the deposition time and rotation rate

The effect of the electrolysis time in –0.4 V vs. Ag/AgCl at the peak high was investigated in the range of 0 to

180 s. The obtained voltammograms and the current peak versus the deposition time (inset) are shown in Figure

11 and show that the best signal was achieved after 30 s of cathodic adsorptive deposition. This is because,

at longer deposition times, the hydrogen gas evolution caused the tam-deposited layer to be destroyed and

the signal strength in the DPAV step to be diminished. Therefore, this study suggests that the electrochemical

adsorption equilibrium for tam is achieved after 30 s electrolysis in –0.4 V. Thus, this time was chosen to perform

the next experiments. The effect of the rotation rate was also investigated from 0 to 4000 rpm. The obtained

voltammograms and the peak height versus the rpm (inset) are presented in Figure 12. The dependence of the

peak height on the rotation rate did not follow a uniform increasing or decreasing trend. The highest peak was

achieved by 400 rpm, which was selected as the optimal value.

2.4. Calibration of the proposed method and merit figures

Under the optimum conditions achieved in the optimization section, the proposed method was calibrated in the

concentration range of 0.5 to 5 µg mL−1 (Figure 13). The calibration plot (Figure 13, inset) was found to be

linear for the working concentration range. The following equation presents a good correlation coefficient:

IP = 1.5028CTam − 0.1205r2 = 0.9978, (5)
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Figure 11. Obtained DPAV at different deposition times and the plot of the current peak versus the time (inset).

where IP is the tam oxidation current peak (after the background correction) and CTam is the amount of

tam in µg mL−1 . The limit of detection is given by LOD = 3Sd/m, where Sd is the standard deviation of 5

replicates of blank and m is the slope of the calibration plot. Hence, the value of the LOD was 0.008 µg mL−1 .

The lowest level of the analyte, or the limit of quantitation (LOQ = 10Sd/m) that can be measured by this

method, was 0.025 µg mL−1 .

To estimate the accuracy and precision of the proposed method, a standard solution of tam, 2 µg mL−1

in 0.1 mol L−1 H2SO4 :2.5% v v−1 MeOH, was analyzed 5 times, and the mean, relative bias, and RSD (%)

of the method were 1.9 µg mL−1 , 5%, and 2.3%, respectively. However, such merit figures represented the

proposed method’s capability to analyze the tam analyte in an acidic aqueous solution.

2.5. Pharmaceutical application and validation of the proposed method

To apply the suggested method, the extraction of tam from the powdered commercial tablets containing 20

mg of tam citrate was optimized. The best conditions for extracting 96% of the tam were as follows: 6 mL

of MeOH and 5 min of stirring at 350 rpm. Using DPAV, the tam citrate-containing analytical samples with

concentration levels in the range of the calibration plot were prepared by dilution of the extracted samples in

10 mL of H2SO4 0.1 mol L−1 :2.5 % v v−1 MeOH. Therefore, the content of the tam citrate in the powdered

tablets was found to be 19.1 mg, which confirms the relative bias of the method.
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Figure 12. Obtained DPAV at different rotation rates of the GCE and the plot of the peak height versus the rpm

(inset).

2.6. Application of the proposed method in serum analysis

To check the capability of the proposed DPAV to analyze tam-spiked human blood serum, optimal conditions

were employed after the sample preparation. As pointed out in the literature,41 more than 99% of tam molecules

are strongly bound to serum proteins. Therefore, this strong bond must be broken to prevent the interfering

effects of serum proteins. To investigate the effect of this binding on tam electrochemical oxidation, the DPAV

of 5 µg mL−1 tam was recorded in 10 mL of 0.1 mol L−1 H2SO4 :2.5% v v−1 MeOH containing 1 mL

of serum (i.e. the blank sample, Figure 14). The tam–protein interaction caused the tam oxidation peak to

disappear. However, in another experiment, the tam–protein bond was broken by addition of 2 mL of CH3CN;
42

subsequently, the precipitated proteins were centrifuged and the supernatant phase was used to perform the

DPAV. As shown in Figure 14, the tam oxidation peak appeared after the precipitation and separation of

the serum proteins. Thus, to apply the proposed method in order to measure the level of tam in blood, the

isolation of serum proteins using CH3CN is necessary. However, three tam-spiked serum samples with different

concentrations of tam (i.e. 3, 4, and 8 µg mL−1) were prepared and then employed to separate the serum

proteins in accordance with sec. 3.6. Subsequently, the DPAVs were performed, and the tam concentration was

obtained by calibration curve and dilution calculations. The results and recovery percentage are presented in

Table 1. As shown in Table 1, the correction factor of the proposed method for analyzing the tam in the serum

samples was approximately 1.17.
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Figure 13. Obtained DPAV of different standards of tam and the corresponding calibration plot (inset) under optimal

conditions.

Table 1. The analysis of serum samples spiked with different concentration of tam.

Serum sample Tama (µg mL−1) Tamb (µg mL−1) Recovery (%)
1 0 ND 0
2 3 2.56 85.3
3 4 3.42 85.5
4 8 6.88 86.0

a) Tam concentration in spiked serum samples.
b) Tam concentration in 10 mL of the prepared analytical samples.

2.7. Comparison with other reported methods

The analytical characteristics of the proposed methods, including LOD, LOQ, and RSD (%), were compared

with other methods, as shown in Table 2. As presented in this comparison, the merit figures of this method are

better than some others. However, the DPAV methodology is both qualitatively and quantitatively reliable for

pharmaceutical and serological analyses.

3. Experimental setup

3.1. Chemicals

All chemicals used were analytical reagent-grade quality and were employed without further purification. The

tam citrate was purchased from Sigma-Aldrich. The tablets containing tam, labeled “20 mg tam citrate”, were

purchased from commercial sources. The other common chemicals, including CH3CN, CH3OH, H2SO4 , HCl,
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Figure 14. DPAV of 10 mL of 0.1 mol L−1 H2SO4 :2.5% v v−1 MeOH containing 1 mL of serum as blank (a), 10 mL

of 5 µg mL−1 tam in the blank (b), and the b sample after isolating the serum proteins (c).

Table 2. Comparison with other methods.

Method LOD (µg mL−1) LOQ (µg mL−1) RSD (%)
Square-wave adsorptive anodic

0.090 0.29 -
stripping voltammetry35

Molecule imprinting-
0.040 0.13 4.1

chemiluminescence43

Micellar liquid
0.065 0.17 < 9.2

chromatography44

Nonaqueous capillary zone
0.003 0.01 2.8

electrophoresis (NACE)45

Capillary gas
0.006 0.02 3.6

chromatographic46

Spectrophotometric47 0.373 1.13 1.5
Proposed athod 0.008 0.02 2.3

H3PO4 , and CH3COOH, were also analytical grade and purchased from Merck. The MWCNTs (95% purity,

OD = 10-30 nm, ID = 5–10 nm and length = 0.5–500 µm) were obtained from Aldrich. The B-R buffer (pH

4.2) was prepared using a solution containing 0.04 mol L−1 acetic, orthophosphoric, and boric acids neutralized

with 1 mol L−1 NaOH to yield the required pH.
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3.2. Instruments

A potentiostat/galvanostat, model PGSTAT302N (Metrohm-Autolab, Switzerland), equipped with rotating

disk electrode (RDE) and a three-electrode cell was used to record the voltammograms. Ag/AgCl and Pt

rods were used as reference and counter electrodes, respectively. Different electrodes, including GC, Au, Pt,

MWCNT paste, and MWCNT-GC electrodes, were used as working electrodes. A pH meter, model Metrohm

827 (Switzerland), was used to adjust the pH of the solutions.

3.3. Preparation of the MWCNT paste and MWCNT-GC electrodes

To prepare the MWCNT electrodes, 50 mg of graphite powder was mixed with 10 mg of MWCNTs in a mortar.

Then 0.5 g of paraffin was added to the mixture and it was mixed well for 30 min. The uniformly wetted

MWCNT paste was packed into an empty GCE body (OD = 3 mm) and the MWCNT paste electrode was

prepared. When necessary, a fresh surface was achieved by sputtering the old surface. The MWCNT-modified

GCE was prepared by injecting one drop of the MWCNT:MeOH (70% w w−1) containing 0.5% w w−1 Nafion

polyelectrolyte on the surface of the GCE and subsequently dried at 60 ◦C for 30 min.

3.4. Analytical procedure

A 10-mL solution containing tam was transferred to an electrochemical cell. Then the deposition of tam was

conducted at –0.4 V versus Ag/AgCl in 0.1 mol L−1 H2SO4 :2.5% v v−1 MeOH for 30 s at 400 rpm. Then,

after 10 s, a differential pulse anodic stripping voltammogram (0–1.4 V) was recorded at a pulse amplitude of

25 mV, pulse intervals of 0.5 s, and a scan rate of 10 mV s−1 .

3.5. Extraction of tam from ground tablets

To optimize the extraction of tam from tablets, 10 tablets were weighed and the average mass per tablet was

determined. The tablets were then ground to a fine homogeneous powder in a mortar. A portion of the finely

ground material equivalent to 20 mg of tam was dissolved in 6 mL of methanol, stirred in a batch process for

5 min, and filtered using filter paper. Next, 0.2 mL of the sample was diluted up to 10 mL of 0.1 mol L−1

H2SO4 :20% v v−1 MeOH. Finally, 0.5 mL of the solution was taken and diluted by 0.1 mol L−1 H2SO4 :2.5%

v v−1 MeOH to obtain a volume of 10 mL. Subsequently, the obtained sample was analyzed by the proposed

DPAV and the extraction recovery (ER%) was calculated.

3.6. Preparation of spiked serum samples

The serum samples (5 mL) were spiked by a stock tam solution and 5 mL of nonspiked serum was selected as

the blank. The tam-spiked serum samples were shaken for 2 min; subsequently, 5 mL of CH3CN was added

to each tam-spiked serum sample to prevent protein-drug binding. This mixture was vortexed for 10 min and

then centrifuged at 4000 rpm to separate the precipitated proteins. Subsequently, the supernatant phase was

transferred into a 10-mL flask and the H2SO4 concentration was adjusted to 0.1 mol L−1 by adding 2 mol

L−1 H2SO4 . It was then diluted up to 10 mL with double-distilled water and employed to perform the DPAV

experiment.
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4. Conclusion

Cyclic voltammetry behavior of tam was examined in different electrolytes on solid state electrodes. The

obtained results demonstrated that the best electrolyte and electrode are 0.1 mol L−1 H2SO4 :2.5% v v−1

MeOH and GCE, respectively. The electrochemical characterization was also performed by chronoamperometry,

DPAV, and EIS. Therefore, a surface-controlled mechanism was suggested for tam oxidation in this electrolyte.

As an analytical application, the DPAV of tam in 0.1 mol L−1 H2SO4 :2.5% v v−1 MeOH on the GCE was

investigated, and the effects of different factors were optimized. The sharpest peak was achieved under these

conditions: 2.5% v v−1 MeOH, 0.1 mol L−1 H2SO4 , a deposition potential of 0.4 V, a deposition time of 30

s, and a GCE rotating rate of 400 rpm. Then the calibration curve was plotted under optimal conditions. The

proposed method presented proper merit figures to analyze the pharmaceutical and serological samples. This

measurement method of tam is simple, rapid, inexpensive, and sensitive.
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