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ABSTRACT: Emtricitabine (EMT) was electrochemically investigated in detail by using boron-doped diamond
electrode (BDDE) and glassy carbon electrode (GCE). The measurements were performed via cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) techniques. EMT exhibited one irreversible oxidation peak on the BDDE by
CV, with dependence of the pH values. It also showed one irreversible oxidation peak on the GCE via CV from pH 0.3
until pH 6.0. Two irreversible peaks were observed at pH 6.0 with phosphate buffer (PB). The aim of this work is to
develop a system able to detect EMT in synthetic serum samples using the aforementioned electrochemical techniques.
All required validation parameters were examined and computed. The developed sensors were successfully used to
analyze EMT in synthetic serum samples. The standard addition technique was applied in the recovery studies with
both electrodes. At 1.0x103 M EMT, the highest voltametric peak response was achieved in Britton-Robinson Buffer
(BRB) at pH 11.0 by BDEE, and 0.5 M H>SO4 by GCE. Good linearity was observed for a concentration range between
1x10-3 to 4x10-5 M and 1x103 to 6x10-5 M, with limits of detection of 1.66 uM and 2.91 uM, for BDDE and GCE,
respectively.

KEYWORDS: Emtricitabine; boron-doped diamond electrode; glassy carbon electrode; drug assay; differential pulse
voltammetry.

1. INTRODUCTION

Human immunodeficiency virus (HIV), which has caused almost 40 million deaths to date, is one of the
critical global public health problems, which still has no cure. In 2021, nearly 1.5 million people were infected
with HIV and approximately 650,000 people died from HIV-related causes (e.g. acquired immunodeficiency
syndrome, AIDS). However, with efficient treatment, protection, diagnosis and an increased access to care,
HIV infection has become a manageable chronic health problem, including opportunistic infections, allowing
people to live healthful and long lives with the disease. At the end of 2021, almost 38 million people were
reported to be living with HIV, of which two-thirds are in the World Health Organization (WHO) Africa
Region. HIV can be controlled with treatment regimens consisting of a combination of antiretroviral drugs [1].
Emtricitabine (EMT, Scheme 1) is commonly utilized as part of first-line regimens for the combined modality
therapy of human immunodeficiency virus type 1 (HIV-1) infection in adults and as a strong nucleoside
reverse transcriptase inhibitor (NRTI). While the pharmacokinetics of other NRTIs, including tenofovir and
lamivudine, have been extensively studied, the pharmacokinetics of EMT have been less worked. EMT is
eliminated mainly by renal evacuation, with 86 % of the oral dose getting back invariably into the urine [2].
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Scheme 1. Structure of Emtricitabine (EMT).

The literature has revealed some analytical methods for the determination of EMT. Among these
analytical techniques stand an electrochemical method [3], spectrophotometric [4-9], high-performance liquid
chromatographic methods [10-17], liquid chromatography/mass spectrometry [18,19], capillary
electrophoresis [20] and colorimetric methods [21].

In the last decades, electrochemical techniques have been raising their attention as drug detection
techniques because of their advantages, which include low-cost fabrication, easiness of use and their capability
to provide a fast analysis [22]. Mulik et al. [3] published one article devoted to the voltametric study and the
determination of EMT. In their work, the electrochemical oxidation of EMT on a gold disk electrode (Au
diameter of 3 mm) using cyclic voltammetry (CV) and linear sweep (LSV) was reported.

The selection of the electrodes is a key factor in order to improve the performance of the voltametric
technique. The boron-doped diamond electrode (BDDE) has become the most preferred solid and
environmentally friendly electrochemical sensor design in many areas, including analytical chemistry, drug
analysis and environmental monitoring. The BDDE exhibits remarkable properties over the conventional
electrodes (e.g. gold, carbon paste, pyrolytic graphite, glassy carbon, platinum, etc.), such as its large
electrochemical potential window in aqueous media, a more stable and lower background current, ultra-
physical and chemical stability, and a stronger protection against the adsorption of most pollutants on its
surface [23-25]. Glassy carbon electrodes (GCE) are the most widely used carbon-based electrodes in most of
trendly electrochemical applications. The advantages of GCE are good conductivity, superior stability,
smoother surface, high hydrogen over potential, and wide potential application. In addition, GCE is a
chemically stable electrode which does not interact with most of matrixes and reagents, making it possible to
use it as an inert electrode. Nevertheless, the main drawback of the GCE is that it is not a disposable electrode,
making it not suitable for some applications [26,27].

The main objective of this work is to examine the electrochemical behavior and possible oxidation
mechanism of EMT on BDDE and GCE, via CV and differential pulse voltammetry (DPV), while determining
the optimal experimental conditions. Herein, we compare the BDDE measurements against the ones from
GCE. We aim to provide new, affordable, sensitive, specific, fast, fully-validated, easy-to-use and robust
voltametric techniques for determining EMT in spiked synthetic human serum samples without time-
consuming process for drug analysis.

2. RESULTS AND DISCUSSION

CV method was performed to determine the detailed electrochemical behavior of EMT at the BDDE and
GCE. DPV technique was applied to the analysis of EMT for both electrodes.

2.1. Investigation of the electrochemical behavior of EMT on the BDDE and GCE

The electrochemical investigation of EMT was carried out on BDDE and GCE with CV studies shown
in Figure 1. To obtain the most optimal experimental parameters, the effect of pH values and supporting
electrolytes on the electrochemical current peaks of EMT were performed with DPV and CV between pH 0.30
and 12.00 using BDDE and GCE. Accordingly, CV obtained in BDDE for 1.0x10-* M EMT in Britton-Robinson
Buffer (BRB) at pH 11.0, and in GCE for the same concentration at 0.5 M H>SO, show one well-defined
irreversible anodic peak at a scan rate of 50 mV/s at about 1.7 V (Figure 1). No reduction peak was obtained
in the negative scanning data about the irreversible nature of the electrode procedure of EMT on BDDE and
GCE.
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Figure 1. CV of 1.0x10-3 M EMT at scan rate 0.5 V/s at A) BDDE in BRB pH 11.0 and B) GCE in 0.5 M H,SOj.
2.2. Influence of pH

The pH-dependent oxidation of EMT was examined utilizing 0.1 M and 0.5 M H;SO,, Acetate Buffer
(AB) (pH 3.7, 4.7, 5.7), Phosphate Buffer (PB) (pH 2.0-8.0), and BRB (pH 2.0-10.0) by DPV, and CV. For pH
results, the highest well-defined oxidation currents of EMT were obtained in BRB pH 11.0 and 0.5 M H,SOs at
BDDE and GCE, respectively. The voltametric peak potentials for EMT show a negative shift with increasing
pH.

The peak current of EMT has reached a maximum of 0.5 M H>SO, and then decreased continuously for
GCE. The highest voltametric peak response was observed in BRB pH 11.0 at BDDE. Therefore, 0.5 M HxSO4
and BRB pH 11.0 was selected as the optimal working medium for further measurements.

The following equation indicates the influence of pH on the peak potential. For both electrodes, the
dependency between Ep and pH can be stated with the following equations:

Ep (mV) = 1647.6 — 20.2 pH; r = 0.9 for BDDE (pH 2.0 - 12.0)
Ep (mV) =1749.0 — 19.1 pH; r = 0.96 for GCE (pH 0.3 - 4.7)

The slope values obtained from the above equation show that the number of electrons equals the

number of protons in the electrooxidation reaction.

2.3. Influence of scan rate studies

The influence of scan rate on the anodic peak is worked in the range between 10 to 250 mV/s. Scan rate
experiments were performed on whether BDDE and GCE procedures were under adsorption or diffusion
controlled in 1.0x10-3 M EMT. The influence of the scan rate using CV on the peak current and potential was
examined in BRB pH 11.0 and 0.5 M H>SO, at BDDE and GCE, respectively, where the maximum peak current
was acquired in pH works with a BDDE and GCE. As illustrated in the following equations, the Ip was linear
to the square root of scan rate (v'/2) for BDDE and GCE in the between of 0.010-0.250 Vs

Ip (nA) = 0,9761 v/2(Vs?) + 1,5659 (r = 0.9997; n=10) at BDDE in BRB pH 11.0
Ip (pA) = 0,1259 v1/2 (Vs1) - 0,0591 (r = 0.9977; n=10) at GCE in 0.5 M H,SO,

Considering the linear dependency of the Ip - v!/2, the electrooxidation process of EMT is a diffusion-
controlled process on BDDE and GCE. There was a linear relationship of the logarithm of Ip (log Ip) versus
the logarithm of scan rate (log v) in the following equations:

log Ip (pA) = 0.3654 log v (Vs?) + 0.3549 (r = 0.9911; n = 10) at BDDE in BRB pH 11.0
log Ip (pA) = 0.6226 log v (Vs1) - 1.1539 (r = 0.9956; n = 10) at GCE in 0.5 M HSO,

The slope value of the linear relationship between the log Ip and the log v changed between 0.3654 and
0.6226 for both electrodes in BRB pH 11.0 and 0.5 M H,SO,, which is near the theoretical value of 0.5, obviously
approving the diffusion-controlled mechanism. For Ep, in BRB pH 11.0 and 0.5 M H>SO4, at BDDE and GCE,
the linear relationship of the Ep versus log v was revealed as;

Ep (mV) =0.0555 log v (Vs?) + 1.5659 (r = 0.9999; n = 10) at BDDE in BRB pH 11.0
Ep (mV) =0.0991 log v (Vs?) + 1.456 (r = 0.9965; n = 10) at GCE in 0.5 M HxSO,

With increasing the scan rate, the peak potential was confirmed to be irreversible of the oxidation
mechanism of EMT for BDDE and GCE, and the peak potential was shifted to more negative values without
the reverse reduction peak. For a 10-fold increase in the scan rate, the Ep shifted to about 30/an mV more
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positive potentials in the irreversible electrochemical process. “a” is the anodic charge transfer coefficient, and
“n” is the electron transfer number, respectively [28]. Ep values were shifted to 55.5 and 99.1 mV in BRB pH
11.0 and 0.5 M H,S0, at BDDE and GCE, respectively. The a value can be accepted as 0.5, so the value of n =
1.08 (~1), for BDDE, and 0.61 (~1), for GCE, was determined.

These results showed that the oxidation process of EMT at BDDE and GCE in BRB pH 11.0 and 0.5 M

H»S04 undergoes one-electron irreversible oxidation.

2.4. Analytical applications

The relationship between EMT peak current and concentration was examined to assess the analytical
applications of EMT using BDDE and GCE. The electrochemical oxidation mechanism of EMT was monitored
as a diffusion control mechanism process on both electrodes. The fast and sensitive electrochemical technique,
DPV, was applied to determine EMT in BRB pH 11.0 and 0.5 M H>50, at BDDE and GCE, respectively. Under
the optimum conditions, the corresponding characteristics of the linear regression analysis are given in Table
1 for both electrodes. The proposed sensor detected EMT at various amounts under optimum conditions for
plotting the calibration graph. The achieved voltammograms, as well as the diagram of peak current vs EMT
concentration, are indicated in Figure 2.

Table 1. DPV method validation parameters for standard linearity for assay of EMT in BRB pH 11.0 and 0.5 M
H»50, at BDDE and GCE, respectively, and spiked serum samples.

Standard Standard Serum samples  Serum samples
Solution (BDDE)  Solution (GCE) (BDDE) (GCE)
Peak potential (V) 1.57 1.61 1.59 1.60
Linearity range (M) 4x105-1x103 6x105-1x10-3 8x105-8 x10-4 8 x 104 -1 x 10+
Correlation coefficient 0.99 0.99 0.99 0.99
Slope (pA M-1) 9689.87 6898.40 8185.29 1532.56
Interception (pA) -0.38108835 -0.16210311 -0.292657 0.41952439
LOD (M) 1.66 x 10-¢ 291 x 10-¢ 2.74 x 106 2.30 x 105
LOQ (M) 6.28 x 10-¢ 8.81 x 10-¢ 8.32 x 10-¢ 6.97 x 10
Repeatability of peak current
(R3D %) - 1.55 1.79 1.66 1.82
Reproducibility of peak
current (RSD %)a 1.69 191 1.73 2.02

a Each value is calculated from the average of five measurements.

The limit of detection (LOD) is the lowest amount of analyte detected by an analytical measurement
[29-31]. The following equation measures LOD:
LOD=3s/m
Where m is the slope and s is the standard deviation. In the case of detection, the obtained LODs of EMT
for BDDE and GCE are 1.66 pM and 2.91 M, respectively.
The limit of quantification (LOQ) is the smallest amount of analyte quantifiable. The following equation
measures it:

LOQ=10s/m

The obtained LOQs of EMT detection for BDDE and GCE are 6.28 pM and 8.82 uM, respectively. LOD
results proved that the proposed DPV technique, using BDDE, is more sensitive than the proposed DPV
technique using GCE.
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Figure 2. DPV of the developed sensor in different EMT concentrations using A) BDDE in BRB pH 11.0 and B) GCE
in 0.5M HSOs.

2.5. Analysis of EMT in biological fluids

The probability of performing the developed techniques for detecting EMT in commercial synthetic
human serum samples was studied. Serum samples were spiked with EMT to obtain final amounts of 4x10-4
M for both electrodes. The concentration of EMT in synthetic human serum was found from the related linear
regression equations (Table 1). DPV measurements of EMT studied in synthetic human serum are indicated
in Figure 3A and B at BDDE and GCE, respectively. The proposed sensor shows between 8x10-> and 8x104 M
and 8x104 and 1x10#* M linear range, with LOD of 2.74x10¢ M and 2.30x10* M for BDDE and GCE,
respectively. The obtained LOQs are 8.32x10-¢ M for BDDE and 6.97x10-> M for GCE.

The percentage recovery of EMT was defined by checking against the peak currents of known
concentrations of the drug in synthetic human serum samples with their equivalents in related calibration
graphs. The outcomes of these experiments are calculated as given in Table 2. Excellent recoveries of EMT
were obtained from commercial synthetic human serum sample matrix for both electrodes.

Table 2. Analytical results for EMT in spiked synthetic human serum samples in BRB pH 11.0 and 0.5 M H»SO, at
BDDE and GCE and its recovery results, respectively.

Serum Samples

BDDE GCE
Added(mg) 4.00 x 10+ 4.00 x 104
Found(mg) 4.01 x 104 3.94 x10+4
Average recovery % 100.26 98.44
RSD (%) 1.02 1.24
Bias (%) 0.25 -1.50
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Figure 3. DPV of the developed sensor in different EMT concentrations using A) BDDE B) GCE in serum samples.
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2.6. Interferences studies

Some interference agents may influence in the electrochemical peaks of the proposed sensor. To
examine the selectivity of the developed sensor, it was studied in the presence of some interference agents
such as sodium chloride (NaCl), potassium chloride (KCl), calcium chloride (CaCly), dopamine, folic acid,
paracetamol and ascorbic acid. The interference research results are given in Table 3. No remarkable difference
in sensor responses was observed when working with interference agents in 1:1 and 1:10 ratios. The results
indicate that the proposed sensor remains robust in the presence of interference agents.

Table 3. Interferences measurements result for EMT in BRB pH 11.0 and 0.5 M H2SO4 at BDDE and GCE,
respectively.

Interferences BDDE GCE
11 1:10 11 1:10
(%) RSD % (%) RSD % (%) RSD % (%) RSD %
Recovery Recovery Recovery Recovery
NaCl 100.17 0.67 100.63 0.79 100.03 0.84 101.13 2.06
KCl 100.12 0.58 101.23 0.82 100.58 0.63 102.61 1.89
CaCl, 100.35 0.36 100.49 0.74 100.74 0.95 102.42 1.72
Dopamine 101.85 1.25 102.12 1.46 102.79 1.46 103.53 1.84
Folic acid 101.72 1.03 102.46 1.18 102.12 1.59 104.74 1.66
Paracetamol 100.08 0.97 100.62 1.52 100.46 1.06 100.98 148
Ascorbic acid 100.89 1.22 101.17 1.44 100.95 0.89 102.06 1.69

3. CONCLUSION

Although chromatographic assay techniques allow simultaneous diagnosis of more than one analyte,
they have some disadvantages compared to voltametric techniques [32]. It contains time-consuming sample
preparation periods, undefined reaction time, is quite expensive, and less green assay. All these published
methods are required highly sophisticated instrumentation. Otherwise, the electroanalytical techniques are
low cost, sensitive, rapid analysis times, high accuracy and precision, selective, eco-friendly, practical
methods. They are a unique option for detecting pharmaceutically active substances in different matrices. The
importance of this technique is that its voltametric peak potential easily identifies each component.

The electrochemical oxidation of EMT on BDDE and GCE progresses in irreversible oxidation steps in
a wide pH range. A voltametric technique for EMT detection utilizing DPV with BDDE and GCE was
proposed. In this study, a procedure proposed and validated using DPV was speedy, simple, accurate, and
precise. CV and DPV were developed to determine EMT with GCE and BDDE. Under the optimum conditions
for DPV, the proposed methods offered a LOD of 1.66 pM and 2.91 pM, and a LOQ of 6.28 pM and 8.81 pM
for BDDE and GCE, respectively. The developed method offers great advantages, such as low-cost production,
eco-friendly, and simple instrumentation, allowing detection from different anions and cations without any
interference. An effective analysis has been demonstrated in determining EMT in commercial synthetic serum
samples.

Using BDDE, wider linear range values were acquired at 0.5 M HxSO4 and serum sample. Also, lower
LOD values were acquired in 0.5 M H>SO, and serum samples using GCE. Moreover, recovery results with
the serum sample showed the applicability of both electrodes to serum samples. As a result, this work becomes
more sensitive, easier to apply, and more environmentally friendly when checked with the other traditional
techniques. This work also contributes to sustainable approaches owing to the benefits of electrochemistry,
requiring a small number of samples and reagents, reusability of BDDE and GCE, and minimum usage of
harmful chemicals. These properties also indicate that it is a suitable technique for the green analytical
chemistry approach, which has become very important and popular. The proposed methods are accurate,
precise, sensitive, and reliable options for detecting EMT.
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4. MATERIALS AND METHODS

4.1. Equipment and Chemicals

Electrochemical measurements were performed by potentiostat AUTOLAB 204 (Eco Chemie, Utrecht,
and The Netherlands) with BDDE and GCE. Electrochemical measurements were applied in a three-electrode
electrochemical cell. BDDE and GCE were utilized as working electrodes, a saturated Ag/AgCl as a reference
electrode, and a Pt wire as a counter electrode. For the cleaning, the BDDE and GCE surface was physically
cleaned before each measurement.

Sodium acetate trihydrate, acetic acid, sulfuric acid, phosphoric acid, sodium phosphate monobasic
dihydrate, sodium dihydrogen phosphate dihydrate, boric acid, and methanol were supplied by Sigma-
Aldrich. Abdi Ibrahim Pharm. Comp. provided the EMT used in electrochemical experiments. The various
supporting electrolytes, acetate buffer (AB), Britton-Robinson buffer (BRB), 0.1 M and 0.5 M H,SO,, and
phosphate buffer (PB), were used for electrochemical experiments. The 1x10-2 M stock solution of EMT was
prepared in bi-distilled water. EMT measurement solutions were prepared and measured daily with
appropriate dilution with pH desired buffer solution. They were kept in the refrigerator to protect the
freshness of all chemicals and stock solutions used in the experiments.

4.2. Optimizing procedures

CV was performed at a scan rate of 0.05 Vs~1. For drawing the calibration graph of EMT using Britton-
Robinson Buffer (BRB) pH 11.0 and 0.5 M H,SO, at BDDE and GCE, respectively, and the DPV parameters
were as follows; interval time: 0.5 s, modulation amplitude: 0.05 V; step potential: 0.005 V; modulation time:
0.05 s. All the electrochemical measurements were applied at room temperature.

4.3. Analysis of synthetic human serum samples

Drug-free commercial synthetic human serum was held frozen at —20 °C fridge until examination. A
standard process was applied to prepare a stock serum solution. 3.6 mL of synthetic human serum, 5.4 mL of
acetonitrile (ACN), and 1 mL of 1.0x102 M EMT were added to a centrifuge tube to obtain a stock serum
sample. Firstly, it was centrifuged at 4000 rpm for 20 min, and later, the supernatant was taken. Here, ACN
was used to precipitate serum proteins. The supernatant was diluted with selected supporting electrolytes to
obtain certain concentrations for the recovery measurements. All the experiments were applied at least five
times for calibration and recovery experiments.
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