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ABSTRACT: In this investigation, a novel electrochemical approach employing a bare carbon paste electrode (CPE) has
been devised for the sensitive and expeditious quantification of the tyrosine kinase inhibitor vandetanib (VAN). VAN, a
pivotal anti-tumor agent employed in various cancer types, notably medullary thyroid cancer, manifested an irreversible
oxidation peak at approximately +1.17 V (vs. Ag/AgCl, 3 M NaCl) in 0.1 M HNO;, elucidated through cyclic
voltammetry. The electrode reaction was determined to proceed via controlled adsorption. The study meticulously
examined the influence of anionic surfactant sodium dodecyl sulfate (SDS), instrumental parameters, pH fluctuations,
and the composition of the supporting electrolyte on the oxidation peak of VAN. Remarkably, the sensitivity of stripping
voltammetric measurements markedly augmented upon the inclusion of 9x10-4 M SDS. Employing optimized
parameters for SW-AdSV (square-wave adsorptive stripping voltammetry), the bare CPE demonstrated exceptional
linearity within the dynamic ranges of 1.05%10-7 - 1.6x10-> M for VAN. The limit of detection and limit of quantification
were established at 2.7x10-8 and 9.0x10-8 M for VAN, respectively. Furthermore, the developed electrochemical
methodology was effectively applied for the detection of VAN in spiked model serum samples.
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1. INTRODUCTION

The effectiveness of targeted therapies represents a significant advancement in cancer treatment, particularly
following chemotherapy. This efficacy has been demonstrated across various cancer types, including thyroid
cancers, which have shown notable responses to targeted therapies comparable to colon, breast, and lung
cancers, as well as neuroendocrine tumors, certain sarcomas, lymphomas, kidney cancers, and liver cancers.
Targeted therapies encompass both large molecule drugs, such as monoclonal antibodies, and small
molecule drugs that inhibit tyrosine kinase enzymes, thereby impeding cell growth, proliferation, and
angiogenesis signaling pathways [1,3]. VAN (Figure 1) is among the tyrosine kinase inhibitors currently
approved by the American Food and Drug Administration (US FDA) for the treatment of progressive,
locally advanced, or metastatic medullary thyroid carcinomas (MTCs). It is an orally administered
antiangiogenic tyrosine kinase inhibitor. VAN can be utilized either as monotherapy or in combination with
other anticancer agents, including chemotherapy and radiotherapy, to devise comprehensive treatment
regimens for various tumor types [4,7]. Chemically, Vandetanib (VAN) is described as N-(4-bromo-2-
fluorophenyl)-6-methoxy-7-[(1-methylpiperidin-4-yl) methoxy] quinazolin-4-amine. It functions as a dual
inhibitor targeting vascular endothelial growth factor receptor (VEGFR) and epidermal growth factor
receptor (EGFR) tyrosine kinases, thereby disrupting critical pathways involved in tumor angiogenesis and
growth [8-9].
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Figure 1. Chemical structure of VAN

In the literature review, various analytical methods have been reported for the determination of
VAN. These include high-performance liquid chromatography (HPLC), liquid chromatography-tandem
mass spectrometry (LC-MS/MS), and UV spectrophotometry [10-19]. However, as known, these
conventional techniques are often associated with high costs, lengthy analysis times, and reliance on
specialized equipment, such as liquid chromatography-mass spectrometers (LC-MS/MS), which may not be
readily accessible in standard laboratory settings. The main goal of this study is to develop a novel, cost-
effective, selective, and rapid voltammetric method for the analysis of VAN. This method aims to address
the limitations of traditional analytical techniques by providing a practical alternative that can be readily
employed in standard laboratory setups. However, the effectiveness of solid electrode voltammetry largely
depends on the properties of the working electrode. Solid electrodes have highly active surfaces, making
them particularly valuable in biological applications because they facilitate oxidation reactions and help
elucidate reaction mechanisms for numerous physiologically relevant substances.

Carbon paste electrodes (CPEs) have garnered increasing attention in the field of electrochemistry,
largely owing to their advantageous characteristics such as low residual currents, reduced noise levels, cost-
effectiveness, ease of preparation, and replaceability. These electrodes boast a wide range of applications,
encompassing both anodic and cathodic processes. Within the realm of conductive electrodes, CPEs emerge
as especially promising due to their ease of modification, straightforward surface renewability, minimal
background currents, and versatility in accommodating diverse analytes [20-25].

Surfactants play a pivotal role in chemistry and exert significant influence on various
electrochemical processes. Their distinct amphiphilic structure and surface activity make them indispensable
in electrochemical research. It is well-documented that the modification of electrode surfaces with
surfactants enhances the rate of electron transfer between the electrode surface and the analyte, consequently
leading to improvements in detection limits [26-33].

In the existing literature, there have been no prior reports regarding the electrochemical
determination of VAN. This study marks the first instance of such determination utilizing a CPE, both in the
absence and presence of surfactants. Furthermore, the developed SW-AdSV technique based on the CPE
demonstrates exceptional sensitivity and selectivity for the precise determination of VAN in model serum
samples.

2. RESULTS AND DISCUSSION
2.1. Detailed electrochemical behavior of VAN

The research primarily focuses on examining the current responses obtained via cyclic voltammetry
of VAN on a CP electrode in aqueous media over a wide potential range. To elucidate the electrochemical
behavior of VAN on the CP electrode, three consecutive CVs of a 2x105 M VAN solution were recorded at a
scan rate of 100 mV s within the potential range of 0.0 to +1.5 V (vs. Ag/AgCl) in a 0.1 M HNO;s solution
(Figure 2A). Upon examining the cyclic voltammogram, it was observed that VAN exhibited an anodic
oxidation peak at approximately +1.20 V with a current of 1.45 pA. However, as the scan rate increased,
particularly at 400 mV s! and subsequent rates (v>400 mV s?), reduction peaks were discerned in the
cathodic region at approximately 0.44, 0.68, and 0.84 V (Figure 2B). Valuable insights into the electrode
reaction mechanism (rate-determining step) can be gleaned from the relationship between peak current and
scan rate. The effect of scan rate on the electrochemical oxidation of 2x10> M VAN was examined using
different scan rates (5-800 mV/s) with a CP electrode in 0.1 M HNO;s solution, and the corresponding
voltammograms are depicted in Figure 2B.
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Figure 2. A- CVs of 2.0x10-> M VAN at CP electrode with three repetitions in 0.1 M HNOj5 solution. The scan rate is 100
mV/s. B- CVs of 2.0x10-> M VAN at different scan rates (5, 10, 25, 50, 100, 200, 300, 500, 700, and 800 mV s-) at the CP
electrode. Inset: the plot of log ip vs. log v.

Graphs were plotted using the data obtained from the voltammograms, based on equations (Eq.1)
and (Eq.2). The equations describing the linearity of these graphs are presented below:

For Equation (Eq.1):

Ip (pA) = 0.1272 Vo (mV/s) - 0.3561; r = 0.9968  (Eq.1)
For Equation (Eq.2):

log Ip = 0.7702 log v — 1.4666; r = 0.9975 (Eq.2)

The observed shift of oxidation peaks towards higher potentials in CV indicates an increase in the
reaction rate at the electrode surface. This suggests that all active species on the electrode surface are rapidly
replenished. This slight shift arises due to the acceleration of the electrochemical reaction, and it is directly
associated with the scan rate. This phenomenon serves as an important indicator for understanding the
reaction kinetics and mechanism at the electrode surface. Additionally, the linear relationship between the
logarithm of the oxidation peak current and the logarithm of the scan rate, as expressed by Eq 2. above,
holds true. The slope of this equation, theoretically known to be greater than 0.5, implies that the electro-
oxidation of VAN is controlled by adsorption. The relationship between the oxidation peak potential and the
scan rate provides valuable insights, particularly regarding the electrode reaction mechanism of VAN. Based
on this information, Eq 3. relating Ep and log v is provided below.

Ep (V) = 0.0513 logv +1.1004 , (r=0.9985)  (3)
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According to the Laviron equation, which expresses the relationship between the potential (Ep) and
the current (i) in irreversible electrochemical reactions (as Equation 4), the number of electrons involved (n)
in the reaction has been calculated [34].

Ep = E0 + (2,303;2T) ) lOg (RTkO) + (2.303;2T) ) lOg'l.? (4)

an anF an

Wherein, T represents the absolute temperature, R denotes the universal gas constant, F signifies the
Faraday constant, E° represents the formal redox potential, v indicates the scan rate, n represents the number
of electrons transferred, ko signifies the heterogeneous transfer constant of the reaction, and a denotes the
electronic transfer coefficient. Substituting the given values into the expression Ep = (2.303RT/anF).logv and
considering the slope of the plot of Ep (V) versus log v (mV s?), the derived value for an was found to be 1.1.
Typically, a equals 0.5 in electrochemical irreversible reactions. Hence, n = 2.2 (~2) is obtained for the
oxidation of VAN. To enhance the sensitivity and selectivity of the voltammetric determination of VAN,
sharper and well-defined peaks were achieved using the SW-AdSV technique. The impact of supporting
electrolyte solutions across a pH range on the electrochemical response of VAN was examined. Figure 3A
illustrates SWVs of 2.0x10-¢ M VAN across a pH range of 2.0 to 10.0 in BR buffer, with a potential range from
0.0 V to +1.4 V. Figure 3B displays SW-AdSVs of 2.0x10¢ M VAN conducted in 0.1 M HNO;, 0.1 M H,SOs,,
and 0.1 M HCIO; solutions, while Figure 3C exhibits SW-AdSVs in pH 2.5 and pH 7.4 phosphate buffer at
the CP electrode. The oxidation peak current values recorded across these mediums are collectively
presented in Figure 4.

As depicted in Figure 3A, variations in oxidation peak current and peak potential with increasing
pH suggest a pH-dependent nature of the electrochemical oxidation of VAN. Examination of the oxidation
peak behavior of VAN across pH 2.0 to pH 10.0 in BR buffer revealed a single sharp peak only at pH 2 and 3.
At pH 4.0 and pH 5.0, the oxidation peak splits into two, accompanied by a decrease in peak current
intensity. These two oxidation steps amalgamate, leading to an intensified peak at pH 6.0 and pH 7.0.

In Figure 3B-C, the electrochemical behavior of VAN in different supporting electrolytes is
illustrated. Consequently, the highest anodic peak current was observed in the 0.1 M HNO; solution,
prompting further electroanalytical studies to be conducted using this medium. Additionally, the variation
of oxidation peak potential (Ep) versus pH was examined (Figure 3A, inset). A discernible potential shift
towards less positive values with increasing pH indicates the pH-dependent nature of VAN oxidation. It
was demonstrated by the following Eq 5. that this dependency exhibited linearity for the oxidation peaks
within the pH range of 2-7.

Ep (V) =-0.069 pH + 1.3059 (r=0.99) (5)
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Figure 3. SW-AdSVs of 2.0x10-6 M VAN were conducted under various conditions: A- In BR buffer ranging from pH 2.0
to 10.0 (a: pH 2.0, b: pH 3.0, c: pH 4.0, d: pH 5.0, e: pH 6.0, f: pH 7.0, g: pH 8.0, h: pH 9.0, and 1: pH 10.0) B- In different
acidic solutions (a: 0.1 M HNO;3, b: 0.1 M HySOy, c: 0.1 M HCIOy) C- In phosphate buffer at different pH values (a: pH 2.5
and b: pH 7.4). Inset: The graph (3A) illustrates Ep vs pH. SWV parameters: AEs = 8 mV; f = 50 Hz; AEsw = 30 mV.
Electrochemical deposition time: 30 s (open circuit, 400 rpm).
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Figure 4. The oxidation peak currents of 2.0x10-6 M VAN in all pHs by SW-AdSV.

The linearity observed for the oxidation peak of VAN within the pH range of 2.0 to 7.0 yielded a negative
slope of 69.0 mV/pH for the CP electrode. The proximity of this slope value to the theoretical value of 59
mV/pH suggests that the number of protons and electrons involved is equal in the oxidation reaction
mechanism of VAN in an aqueous solution [35]. Aligned with the preceding information, it can be posited
that the electrochemical oxidation of VAN predominantly takes place at the 4-amino group positioned on the
quinazoline ring, constituting the primary moiety of the molecule. Synthesizing these findings, the
conceivable oxidation mechanism of VAN is elucidated in Scheme 1.

o N__O
° Nﬁ +H,0 Y
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Scheme 1. Proposed reaction mechanism for electro-oxidation of VAN.

In the subsequent investigation, pulse parameters including step potential (AEs = 2-18 mV),
frequency (f = 5-150 Hz), and square-wave amplitude (AEsw = 10-50 mV) were meticulously adjusted to
establish the optimal experimental configuration. This process entailed modifying one parameter while
holding the other two constants, to enhance sensitivity in detecting the oxidation peak. The values yielding
the highest sensitivity were identified as follows: AEs = 16 mV; f = 75 Hz; and AEsw = 40 mV. Furthermore,
the effects of deposition time and deposition potential on the peak current of 5.0x107 M VAN were
investigated under optimum experimental conditions. SW-AdSVs were recorded for this purpose. The
optimal values were determined by varying the accumulation potentials in the range of (0.00) - (+1.00 V)
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and the accumulation times in the range of 0.0-120.0 s. The optimum accumulation potential was found to be
open circuit, and the optimal accumulation time was 30 s.

Finally, the effect of the anionic surfactant SDS (sodium dodecyl sulfate) on the electrochemical
oxidation signal of VAN was evaluated. For this purpose, VAN concentration was fixed at 5.0x107 M, and
SDS was added to a 0.1 M HNO; solution in the range of 4 x 104 to 1 x 103 M. As shown in Figure 5, a
significant signal enhancement was observed in the presence of SDS. Therefore, all experiments for the
remaining analytical investigation fixed the concentration of SDS at 9 x 10~ M. In this case, the signal of
VAN increased almost 12-fold compared to the surfactant-free solution.
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Figure 5. SW-AdSVs of 5.0x107 M VAN in 0.1 M HNO:s in the presence of different SDS concentrations (4.0 x
10-4-1 x10-3 M) are depicted. The dashed line represents the voltammograms without SDS. Inset: a plot of peak current
(ip) versus the concentration of SDS. The pre-concentration period was set at 30 s under open-circuit conditions. SWV
parameters: AEs =16 mV; f=75 Hz; AEsw =40 mV.

2.2. Quantification of VAN

Following all optimization experiments, parameters such as precision, accuracy, sensitivity, and
selectivity were evaluated for VAN validation. The SW-AdSV technique, recognized as the most sensitive
among the voltammetric techniques, was employed to record SW-AdSVs of VAN at increasing
concentrations in 0.1 M HNOs. The relevant curves within the obtained linearity range are depicted in Figure
6, while the values for validation parameters are summarized in Table 1. Limits of quantification (LOQ) and
detection (LOD) were determined by calculating ten and three times the standard deviation of the peak
currents (from ten runs) of the lowest concentration (1.05x107 M) within the specified linearity range,
respectively. These values were then divided by the slope of the respective calibration curves. The formulae

used were LOD = fn—s and LOQ = % respectively, where s is the standard deviation and m is the slope.
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Figure 6. SW-AdSVs for VAN levels of (1-10) 1.05x107, 1.6x107, 2.1x107, 5.3x107, 1.05x10-6, 1.6x10-¢, 2.1x10-¢, 5.3x10-6,
1.05x10-5, and 1.6x10-5 M in 0.1 M HNO:s. The inset shows the corresponding calibration plot for the quantitation of VAN.

The pre-concentration period was set at 30 s under open-circuit conditions. SWV parameters: AEs = 16 mV; f = 75 Hz;
AEsw =40 mV.

Table 1. Analytical parameters obtained for the oxidation peak of VAN

Analytical parameter Oxidation peak of VAN

E, (V) +1.17

Linearity range, M 1.05x107 - 1.6x105

Linear regression equation i, (LA) = 617292 C (M) + 0.1644
Correlation coefficient 0.9991

LOQ,M 9.0x10-8

LOD, M 2.7x108

Intra-day repeatability 2.89 (peak current)

(RSD%, n =10) 0.42 (peak potential)

Inter-day repeatability 3.56 (peak current)
(RSD%, n =5) 0.58 (peak potential)

This report constitutes the first comprehensive study of VAN's detection through electrochemical
and analytical methods. The simplicity of the current methodology renders it applicable with sufficient
analytical precision for commercial product assessment. To evaluate the precision of the proposed method,
intra-day repeatability (ten experiments within the same day) and inter-day repeatability (five experiments
conducted over five consecutive days by measuring the stripping responses of the same concentration of
freshly prepared VAN) were calculated for 1.05x107 M of VAN under the specified experimental conditions
(refer to Table 1).

In the selectivity study, no change in the peak potential of VAN was observed in the presence of
inorganic compounds such as Ca?*, Na*, K*, NOs,, Cl- as well as biocompounds such as uric acid (UA),
ascorbic acid (AA), and dopamine (DP). The oxidation potential of VAN was observed at approximately
+1.17 V, while the oxidation of uric acid was observed at approximately +0.72 V. The peak potential of
dopamine was approximately +0.6 V, and that of ascorbic acid was approximately +0.76 V (Figure 7). These
results indicate that the method designed with the CP electrode in the presence of SDS is selective.
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Figure 7. SW-AdSVs for 2.0x10-¢ M DP, 4.0x10-¢ M AA, 2.0x10¢ M UA and 1.0x10-6 M VAN in 0.1 M HNOs. The pre-
concentration period was set at 30 s under open-circuit conditions. SWV parameters: AEs = 16 mV; f =75 Hz; AEsw = 40
mV.

In the subsequent phase, the quantity of VAN was determined utilizing the CP electrode in the
presence of 9x104 M SDS and employing the standard addition method with human serum samples. The
SW-AdSV signals for the analysis of serum samples are depicted in Fig. 8. As known, the analysis of drugs
extracted from biological samples typically entails significant time consumption and the utilization of costly
organic solvents. However, with this technique, no pretreatment beyond the precipitation of serum proteins
with acetonitrile and subsequent dilution with the chosen supporting electrolyte is required. Recovery
results of VAN from serum solutions were calculated based on the respective linear regression equation (ip
(LA) = 818442 C (M) + 0.3937, r: 0.998) illustrated in Table 2. As illustrated in Fig. 8, no extraneous substance
or additional noise signals from the serum samples were observed within the potential range where the
oxidation peak manifested.
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Figure 8. SW-AdSVs for human serum sample spiked VAN (----), and after standard addition of VAN 1.6x107, 5.3x10-7,
1.0x10-6, 1.6x10-6, and 2.0x10-6 in 0.1 M HNOs. The pre-concentration period was set at 30 s under open-circuit
conditions. SWV parameters: AEs =16 mV; f = 75 Hz; AEsw =40 mV.
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Table 2. Measurement results for addition and recovery of VAN from the serum sample

Medium 0.1 M HNO:;
Added (pM) 1.05
Found (pM) 1.09

Number of experiments 3.0
Average recovered (%)  103.8
%RSD of recovery 1.16

3. CONCLUSION

The voltammetric analysis conducted with a carbon paste electrode in the presence of sodium
dodecyl sulfate (SDS) environment yields promising results for the determination of a targeted drug,
vandetanib (VAN). The analysis performed with the CP electrode in the presence of SDS demonstrates high
selectivity and sensitivity for the determination of VAN. Selectivity studies reveal no significant change in
the peak potential of VAN in the presence of inorganic and biological compounds. The oxidation peak
potential of VAN is observed at approximately +1.17 V, while the oxidation peak potentials of various
biological compounds significantly differ from this value. The linear working range was established as
1.05%107 - 1.6x105 M, with calculated LOD and LOQ values of 9.0x108 and 2.7x10-% M, respectively. The
method designed based on CP electrode in presence SDS proved effective in determining VAN in human
serum samples. The obtained average recovery values were found to be 103.8%, when applied to spiked
serum samples. Furthermore, proposing the electrochemical oxidation mechanism of VAN for the first time
will assist in elucidating similar molecular structures.

4. MATERIALS AND METHODS

VAN standard pharmaceutical active ingredient was purchased from ChemScene (Tiirkiye, CAS.
No.: 443913-73-3; Purity: 99.95%). 0.1 M Acetate buffer, ABS (4.7), 0.1 M phosphate buffer, PBS (pH 2.5, 7.4),
0.1 M Britton-Robinson buffer, BRT (pH 2.0 - 9.0), and 0.2 M H,S50; (96%, Merck) were used as supporting
electrolytes. Additionally, dopamine, ascorbic acid, uric acid, lactose, glucose, potassium chloride,
magnesium chloride, sodium sulfate, and potassium nitrate were obtained from Sigma-Aldrich to perform
interference studies. The chemicals HsPOs (85%), NaH.PO4 H,O, CH3;COOH (100%), HCl (37%), HsBOs
(99.5%), and NapHPOy used in the preparation of supporting electrolyte solutions were obtained from
Sigma-Aldrich. Electrochemical studies were carried out with cyclic voltammetry (CV), and square wave
voltammetry (SWV) techniques using Autolab PGSTAT 101 (Metrohm Autolab B.V. Netherlands)
electrochemical analyzer with NOVA 2.1.7 electrochemical software. Electrochemical studies were carried
out using a triple electrochemical cell system containing a working electrode, counter electrode, and
reference electrode. The carbon paste electrode as the working electrode (BASi, MF-2010, USA); the platinum
wire (MW-1032, USA) obtained from BASi was used as the counter electrode and Ag/AgCl electrode (3 M
NaCl; BASi, MF 2056, USA) was used as the reference electrode. In addition, solid chemical substances were
weighed with a Vibra brand electronic scale with a sensitivity of 0.01 mg. ISOLAB model ultrasonic bath was
used to clean the working electrode and dissolve some substances. WIW inoLab pH7110 digital pH meter
was used to adjust the pH of the solutions. Carbon paste was prepared by homogeneously mixing 70%
(w/w) graphite powder and 30% (w/w) mineral oil and pressed into the electrode. The electrode surface
was turned into a homogeneous surface with wax paper. The surface of the electrode was renewed before
each experiment. A certain amount of VAN and 1.0 ml of acetonitrile as a precipitating agent were added to
human blood plasma samples. The solution was then transferred to centrifuge tubes and made up to a
volume with 0.1 M HNO:;. Precipitated proteins were centrifuged at 5000 rpm for 10.0 min to separate the
precipitate. To prepare the urine sample, membrane filters were first used and a certain amount of VAN
solution was added to the urine solution. Finally, an application was made on real examples with the
standard addition method.
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