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ABSTRACT: The combination of entecavir (ETV) and tenofovir (TEV), nucleos(t)ide analogs (NUCs), is advised as first-
line treatment for people suffering from multidrug-resistant hepatitis B due to their favorable safety profile, low side-
effect rate, and high genetic barrier. This study reports the fabrication of a novel cross-linked ethylenediamine
sulfonamide polymer resin (EDASP) and graphene (Gr)-modified carbon paste electrodes (CPE) for the simultaneous
determination of the anti-HBV drugs ETV and TEV in bulk and dosage form by differential pulse voltammetry (DPV).
The electrodes were specified through cyclic voltammetry, Fourier transform infrared (FTIR), scanning electron
microscopy (SEM), and the analytical parameters were optimized. The findings indicate that both drugs displayed clear
oxidation peaks on the Gr-CPE and EDASP-CPE electrodes at pH 4.5 and 4.0, respectively, in the Britton-Robinson
buffer. The linear dynamic range of ETV and TEV was determined between 1pM and 250p1M on both working electrodes
by DPV. The limit of detection (LOD) and limit of quantification (LOQ) for ETV were 0.2pM and 0.6pM, respectively,
on Gr-CPE. The LOD and LOQ for TEV were 0.2pM and 0.7pM, respectively. The novel EDASP-CPE exhibited
improved sensitivity with LOD and LOQ for ETV of 0.2pM and 0.5pM, respectively. The LOD and LOQ for TEV on
EDASP CPE were 0.2uM and 0.7pM, respectively. The proposed method was successfully applied to the simultaneous
determination of ETV and TEV in a commercial tablet dosage form, exhibiting good accuracy and precision. The results
highlight the potential of the novel cross-linked ethylenediamine sulfonamide polymer resin-modified carbon paste
electrode for the simultaneous determination of anti-HBV drugs in dosage form by differential pulse voltammetry.
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1. INTRODUCTION

Hepatitis B virus (HBV) is a significant global health concern, with a considerable number of individuals
affected worldwide, including those with chronic hepatitis B. HBV is a leading cause of mortality worldwide,
contributing to a significant number of deaths every year, including those caused by chronic cirrhosis,
hepatitis, and hepatocellular carcinoma. The annual death toll from HBV ranges from 500,000 to 1.2 million,
with 320,000 deaths specifically caused by hepatocellular carcinoma [1]. Chronic HBV infection is frequently
associated with chronic hepatitis C (HCV), which poses a significant threat to public health worldwide [2].
Individuals with both infections are at higher risk of developing severe liver disorders, such as cirrhosis and
hepatocellular carcinoma [3]. The therapeutic regimens for anti-HBV and anti-HCV treatments, or both, vary
depending on the status of the viral infections [4, 5]. Current guidelines recommend using a combination of
Tenofovir disoproxil fumarate (TEV) and Entecavir (ETV) as first-line therapy for chronic hepatitis B (CHB)
[6-10]. Both ETV and TEV have several advantages in common when it comes to treating CHB, such as high

How to cite this article:Aspoor A, Aydogmus Z, Senkal BF. Fabrication a novel ethylenediamine sulfonamide polymer resin and graphene-modified
carbon paste electrodes for simultaneous determination of anti-HBV drugs entecavir and tenofovir in dosage form by differential pulse
voltammetry. ) ResPharm. 2024; 28(3): 579-602.

© 2023 Marmara UniversityPress http://dx.doi.org/10.29228/jrp.720
ISSN: 2630-6344

579



Asfoor et al. Journal of Research in Pharmac

e seceotes o sumimson o oo s nai "
efficacy against viruses, good tolerability, and providing a robust barrier against resistance. Additionally, the
development of resistance to these medications is challenging.

ETV is an antiviral drug known chemically as 2-amino-9-[(1S, 3R, 4S)-4-hydroxy-3-(hydroxymethyl)-2-
methylidenecyclopentyl].-6,9-dihydro-1H-purin-6-one hydrate [11]. It is a carbocyclic 2'-deoxyguanosine
nucleoside derivative that inhibits DNA replication and reverses transcription. It is prescribed to people with
chronic hepatitis B and HIV infection [12]. ETV is currently the most effective anti-HBV drug [6, 13]. Various
analytical methods have been described in the literature for measuring ETV in both drug formulations and
biological fluids, including spectrophotometry (UV and FT-IR) [14-16], liquid chromatography [17, 18], liquid
chromatography-tandem mass spectrometry [19, 20], ultra-high performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS) [21, 22], and electrochemical methods [1, 23-25].

Tenofovir (TEV) is a nucleoside analogue of adenosine 5'-monophosphate, 1-(6-aminopurin-9-yl)
propan-2-yloxymethylphosphonic acid [26]. It is a reverse transcriptase inhibitor that is used to treat Human
Immunodeficiency Virus (HIV) infections by inhibiting reverse transcriptase, an enzyme that is crucial for the
replication of the virus [27, 28]. It also has significant anti-HBV potency and can treat HBV infections. It
exhibits high efficacy against both viruses and is frequently used in combination with other antiretroviral
medicines or as a monotherapy. It is prepared as a prodrug in pharmaceutical form as tenofovir disoproxil
fumarate and tenofovir alafenamide fumarate.

Various analytical techniques have been established for determining the concentration of TEV in
pharmaceuticals, human plasma, and other biological specimens. These techniques include
spectrophotometry [29-31], mass spectrometry [32], reverse-phase high-performance liquid chromatography
with diode array detection (RP-HPLC-DAD) [33, 34], liquid chromatography-mass spectrometry (LC-MS) [35],
liquid chromatography-tandem mass spectrometry (LC-MS/MS) [36], and various electrochemical methods
[37-45]. However, there are limited techniques available for the simultaneous quantification of both Tenofovir
and Entecavir [46, 47], and none of them include simultaneous voltammetric measurements. Furthermore,
most of these techniques require a lengthy process, expensive, time-consuming solid-phase extractions (SPE),
salting-out processes [22, 48], and excessive use of expensive solvents, resulting in environmental pollution.
During the treatment of HIV and Hepatitis B, patients often experience dystrophic changes and lesion
formation in their body, as well as renal and skeletal system side effects due to the use of immunosuppressive
and multiple drugs. Therefore, there is still a need for simple, rapid, selective, and sensitive methods for the
determination of both drugs that could help in monitoring and adjusting the dose of the drug in the patient’s
treatment.

Electrochemical methods, particularly voltammetry, chemical electrodes, and biosensors, are becoming
increasingly popular in the detection of organic compounds such as medications and similar compounds in
pharmaceuticals and biological matrices. This is due to their advantages, including high specificity, sensitivity,
ease of use, negligible cost, quick response time, and short analysis time [49]. The increasing interest in
voltammetry is closely related to the development of electrode materials and instrument measurement modes.
Various chemical and biological micro/nanomaterials have been synthesized and utilized as electrode
materials in voltammetric methods, leading to improved sensitivity, selectivity, and stability of the sensors.
Differential pulse voltammetry (DPV) is one of the voltammetric methods that can detect various substances
with very high sensitivity. In this method, periodic pulses are applied to the working electrode during a linear
scan, and the difference between the current just before the pulse and the current toward the end of the pulse
is measured, resulting in a high faradaic current and a low capacitive current. In addition to voltammetric
techniques, amperometric and potentiometric electrochemical methods are also frequently used in the
quantification of substances in various matrices.

Carbon paste electrodes (CPEs) are commonly used in electroanalytical methods, and their surfaces can
be modified with various conductive chemicals to enhance their selectivity, sensitivity, and stability.
Modification of CPEs with conductive materials such as graphene, carbon nanotubes, glassy carbon, metallic
nanoparticles, and organic nanomaterials have been reported in the literature. These modifications result in
highly differentiated and functionalized surfaces compared to bare CPEs. Graphene, which is a single layer of
multiple layers of graphite with high hydrophobicity and excellent conductivity, is one of the most popular
CPE modifiers. Polymer materials such as alginate, cellulose, polyaniline, and chitosan have also been
frequently used in electrode modifications due to their advantages in chemical and physical stability,
conductivity, electrochemical deposition ability, reduced interference in analysis, biocompatibility, and low
cost [50, 51]. The addition of conjugated crosslinkers to conjugated conductive polymers further improves
their charge transfer features. Modified CPEs are chemically inert, easy to prepare, and allow selective signal
enhancement, fast response time, and low residual currents against analyte species in a wide potential range.
Furthermore, they can be easily miniaturized and integrated into portable devices, making them ideal for on-
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site and point-of-care testing. Electrochemical methods with evolving sensors are increasingly being used in a
range of applications in analytical chemistry, including clinical diagnostics, environmental monitoring, and
food safety testing, owing to their numerous advantages.

The objective of this research is to develop and validate highly sensitive and selective differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) methods for the simultaneous determination of TEV and
ETV and to investigate their electrochemical properties. Two new modified carbon paste electrodes (CPEs)
were fabricated using graphene nanoplatelets (Gr) and synthesized cross-linked ethylenediamine sulfonamide
polymer resin (EDASP) as a modifier. The synthesized EDASP and similar sulfonamide-based polymers have
been applied to the sorption and separation of aldehyde [52] and mercury [53] in different matrices. In this
study, EDASP was used for the first time in electrode fabrication for voltammetric determination. Gr-CPE and
EDASP-CPE sensors were applied to the simultaneous determination of TEV and ETV in tablets with the
developed DPV method, and high recovery results ranging from 97.4% to 102.8% were obtained.

2. RESULTS AND DISCUSSION
2.1. Drug electrochemical behavior and proper electrode fabrication

Modified carbon paste electrode (CPE) is a superior alternative to modified glassy electrodes due to its
ease of preparation and replacement, as well as its ability to form sensitive, stable, and selective surface areas
with both organic and inorganic compositions of graphite. In this study, various nanomaterials, including
graphene, multi-walled carbon nanotubes (MWNP), and chitosan, synthesized in our laboratory, were tested
as carbon paste-modifying materials. An EDASP-modified CPE electrode was also utilized for the first time to
examine the substances of drugs. To investigate the electrochemical properties of solutions containing 0.2 mM
ETV and 0.2 mM TEV on the prepared electrodes, cyclic voltammetry (CV) measurements were conducted at
a scanning rate of 100 mV/s in BR buffer at pH 4.5 over a potential range of 0-1.6 V. The CVs of ETV and TEV
displayed well-separated and sharp oxidation peaks at approximately 1.1 V and 1.4V, respectively. No peak
was observed in the reverse scan for both compounds.

Figure 1 presents a comparison of the modified CPEs prepared in this study, with DPV voltammograms
of bare CPE, 10% MWCNT-CPE, 10% Chitosan-CPE, 10% MgO-CPE, 15% Gr-CPE, and 20% EDASP-CPE
recorded in BR pH 4.5 at a scan rate of 20 mV /s of 0.1 mM ETV and 0.1 mM TEV. The results indicate that the
Gr-CPE and EDASP-CPE electrodes exhibited the best current response for both drugs among the prepared
electrodes.

Compared to the bare CPE, the graphene-modified CPE (Gr-CPE) exhibited a larger electroactive
surface area. Furthermore, the shape of the voltammogram was altered by the addition of graphene, resulting
in improved separation between the electrode surface oxidation current and the current from ETV and TEV
signals. This change facilitated the identification and analysis of the signals from these compounds. The sp2
hybridization of graphene increases the electroactive surface area of the Gr-CPE electrode by promoting -1
interactions between adjacent layers, leading to the formation of hexagonal structures and a consequent
increase in surface area [54]. This effect enhances electrode kinetics and improves the electrocatalytic activity
of ETV and TEV. Both unmodified and modified electrodes did not display a peak in the backward sweep,
indicating that ETV and TEV underwent irreversible oxidation. The electrochemical behavior of ETV and TEV
on the water-insoluble resin (EDASP)-modified CPE was comparable to that of the modified Gr-CPE. EDASP
was found to have a synergistic effect on the CPE, resulting in a significant improvement in the voltammetric
readings of ETV and TEV. The incorporation of EDASP into the CPE electrode resulted in a randomly textured
surface and increased the contact area of the CPE composite, providing a highly accessible surface for the
oxidation of ETV and TEV, possibly due to the interaction between the resin and drugs.
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Figure 1. DPV (20 mV/s) of 0.1mM solutions of ETV and TEV
in pH 4.5 BR bulffer on a) 100% CPE, b) 10% MWCNT CEPE, c)
10% Chitosan-CPE, d) %10 MgO CPE, e) 15% Gr-CPE, and f)
20% EDASP-CPE.

2.2. Determination of the Graphene/EDASP ratio in the CPE

The effect of the graphene and EDASP ratios on the performance of Gr-CPE and EDASP-CPE electrodes
with optimal electrochemical responses was evaluated using CV and DPV methods in specific buffer solutions,
by measuring the percentage effect. The oxidation signals of ETV and TEV on the surface of Gr-CPE and
EDASP-CPE were studied in relation to the content of Gr and EDASP (1.0-25.0%). The results showed that the
highest current was obtained when the CPE contained 20% EDASP and 15% graphene, as demonstrated in
Figure 2. Compared to the unmodified CPE, the current response obtained with the EDASP-modified
electrode was approximately two times higher for ETV and approximately one-third higher for TEV, as shown
in Figure 1.
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Figure 2. CV voltammograms (100mV/s) of 0.ImM ETV and 0.1mM TEV with A) Absence of ETV&TEV,
0% Gr-CPE, 5% Gr-CPE, 10% Gr-CPE, 15% Gr-CPE, and 20% Gr-CPE. B) Absence of ETV&TEV, 0%
EDASP-CPE, 5% EDASP -CPE, 10% EDASP -CPE, 20% EDASP-CPE, and 25% EDASP-CPE.

2.3. Effect of pH
2.3.1. At Gr-CPE working electrode.

CV and DPV techniques were used to explore a wide range of pH values to determine the ideal
electrolyte solution and evaluate how pH affects electrochemical oxidation for the detection of ETV and TEV
medicines. In preliminary experiments, the Gr-CPE working electrode was used with CV of 0.2 mM ETV and
0.2 mM TEV solutions in 0.04 M BR buffers with a pH range of 2.0 to 6.0 in the 0-1.600 V operating range, as
shown in Figure 3. The Ip vs pH plot indicated that the current peak increased as the pH value increased until
it reached 4.5, after which the oxidation peak current decreased as the pH value continued to increase. At pH
above 6, the current response became too weak to detect due to a reduction in ETV and TEV electron transport.
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As the strongest signals were recorded at a slightly acidic pH, the next supporting electrolytes tested were
phosphate, ammonium acetate, and sodium acetate. The 0.04 M BR buffer solution with pH 4.5 was found to
provide the best peak current and was selected as the ideal environment for further research among the
solutions tested as electrolyte solutions. The analysis conducted using the CV method in BR solutions with pH
2.0-6.0 revealed that the oxidation process of ETV and TEV was pH dependent. The peak potential gradually
shifted towards a more negative potential with an increase in pH, indicating that the protonation of the

molecules occurred during the electron transfer process. The correlation between peak potential (Ep) and pH

(2.0-6.0) was found to be linear, as demonstrated in Figure 3-B1, B2. Both drugs had a slope of approximately
35 mV/pH, as indicated by the equations.

For ETV, Ep (V) = -0.0356 pH + 1.2226, R? = 0.9872
For TEV, Ep (V) = -0.0354 pH + 1.5884 R2 = 0.9841

According to the Nernstian equation the slope of the half-wave potential-pH graph is,
Slope = (59.15p/an) 1)

In the equation, "p" represents the total number of protons involved in the reaction, and "n" represents
the number of electrons exchanged. The slopes related to ETV and TEV from the plots were 35.4 and 35.6
mV/pH, respectively, which are relatively close to 29.5 mV/pH, indicating that the number of protons

released from the molecule during oxidation is half the number of electrons transitioned to the electrode [42,
55-57].
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Figure 3. (B, By) Influence of pH on the shape of anodic peak at Gr-CPE. (C;, ;) Influence of pH on the peak

current of ETV and TEV.

2.3.2. At EDASP-CPE working electrode.

The impact of varying pH levels (2-6) on the electrochemical response of a 0.2 mM solution of ETV and
0.2 mM of TEV on an EDASP-CPE modified electrode is depicted in Figure 4. The reaction was conducted at
a scan rate of 100 mV/s and a potential range of 0-1.600 V. The graph shows distinct oxidation peaks for ETV
around at 1.1 V and TEV at 1.4 V at each pH level, with the peaks shifting towards less positive values as the
pH level increases from 2.0 to 6.0. A graph of current (Ip) versus pH was generated and included as an inset
in Figure 4c the graph indicates that the highest current response is achieved at a pH of 4.0.

ForETV,Ep = —0.0301 logv + 1.307, R?
ForTEV,Ep = —0.0289 logv + 1.561,R?

0.9656
0.9681
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The slope of the Ep-pH relationships for ETV and TEV are 30.1 and 28.9 mV respectively, which implies
that the oxidation of ETV and TEV involves transferring an unequal number of electrons and protons,
indicating that the oxidation follows the Nernstian equation [55, 57]. As the acidity level decreased, the current

at the anode increased (from 6.0 to 3.0). This can be attributed to the protonation of the nitrogen atoms, which
are the most basic groups in the molecule [58].

128 ETV TEV
A - y=-0.0301x+ 1.307 13 @ = -0.0289x+1.5617
741 n ) ] R?=0.9656 R 147 A R2=0.9681
% 1.44
59.1 B 4
< By 138 482 - :
= 441 15 3 45 6 25 35 45 55
g pH pH
= -
£ 291 ETV 2 TEV
O
14.1 A <18
=
0.9 _ S8
090 105 120 135 150 P L) gl
1 25 455 7 2.5 4 55 7
Potential (V) pH pH

Figure 4. (B1, B2) Influence of pH on the shape of anodic peak at EDASP-CPE. (C1, C2) Influence of pH on the
peak current of ETV and TEV.

2.4. Effect of scan rate
2.4.1 Scan rate at Gr-CPE

The electrochemical behavior of ETV and TEV on the Gr-CPE electrode was obtained by taking cyclic
voltammograms at a scanning rate of 5- 400 mV /s with a potential range of +0 V to +1.600 V in solutions of
0.2 mM of drugs in BR buffered medium with pH = 4.5. Peak currents and peak potentials were measured and
analyzed. As shown in Figure 5, as the scanning rate increased, the oxidation peak current of ETV and TEV
steadily increased, and the potential shifted towards a positive potential, indicating that the reaction on the
electrode is irreversible. A plot of the logarithm of the peak current in relation to the logarithm of the scanning
rate resulted in a linear correlation with a regression equation, as depicted in Figure 5, Inset C. The equations
for both compounds are shown as follows:

ForETV,Loglp(uA) = 0.4315logv(Vs™1) + 1.6594, R? = 0.9967
ForTEV, Loglp(uA) = 0.4597 logv(Vs™1) + 1.8303,R? = 0.9923

The slopes of ETV and TEV were 0.4 and 0.5, respectively, which are very close to the predicted value
of 0.5 for a clearly diffusion-controlled process [40]. Additionally, the equations that represent the relation
between the peak current and the square root of the scan rate are:

ForETV, Ip(uA) = 44.98 v Y/2(Vs~1) + 2.2395,R? = 0.9953
ForTEV, Ip(uA) = 73.344 v1/2(Vs~1) — 0.1813, R? = 0.9983

The linearity of the Ip - v1/2 curves for both ETV and TEV (R2= 0.99281 and R? = 0.9983, respectively)
supports the hypothesis that the reaction is controlled by diffusion. This means that the number of particles
spreads along the cross-sectional unit from the bulk phase to the interface in proportion to its concentration
throughout the area.

The peak potential (Ep) of an irreversible process can be expressed by the Laviron equation:

Ep = E°+ (2.?;03RT) LOg (RTK°) + (2.103RT) LOgV (2)

nF anF nF
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where a is the electron transfer coefficient, v is the scan rate, kO is the standard heterogeneous rate

constant (cm/s), n is the number of electrons, Ep is the peak potential, and EQ is the official potential found by
extending the Ep - scan rate (v) line to v = 0 [41]. The an values, n number, and k0 values were calculated from
the Ep - log V plot. The kO values were found to be 159.3 cm/s for ETV and 168.6 cm/s for TEV using the
Laviron equation, which indicates that the electron transfer rate of TEV is faster than ETV on the Gr-CPE

electrode.
The regression equations obtained from the Ep-log v plot were found as:

ForETV,Ep = 0.0272 logv + 1.1667,R? = 0.9703
ForTEV,Ep = 0.0279logv + 1.4614,R? = 0.9662

The values of an for ETV and TEV were calculated by using the slope (m) of the equations,

2.303RT

Slope = (20) ©)
While an values were 2.2 and 2.1, respectively. The a value for a pH-dependent irreversible reaction

can be found by using the equation [40],
Ep—Ep/2 = (47.7/ «) mV, 25°C 4)
where Ep/2 is the half-wave potential where the current is half the peak current [40]. The value of a,

which varies from zero to one for irreversible reactions, was found to be 0.95 and 0.99 for ETV and TEV,
respectively, while the n value was 2.3 and 2.1, corresponding to n 2.
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Figure 5. (A) Cyclic voltammograms of 0.2 mM ETV and TEV at graphene electrode with different scan
rates being from 0.005 to 0.4 Vs—1. Inset: (B) Dependence of oxidation peak current on scan rate. (C)
Dependence of the logarithm of peak current on logarithm of scan rate. (D) Dependence of oxidation peak
current on the square root of scan rate. (E) Dependence of the peak potential on logarithm of scan rate.

2.4.2. Scan rate at EDASP-CPE

The impact of the scanning rate on the oxidation peak current of 0.2 mM ETV and 0.2 mM TEV on the
EDASP-CPE electrode was studied under the conditions mentioned above using CV. Figure 6 illustrates the
cyclic voltammograms of 0.2 mM of ETV and TEV in a buffer solution of pH 4.0 on the adjusted electrode at
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various scanning rates between 0.005 and 0.5 Vs1. The data suggests that the logarithmic graph of peak current

(Ip) versus the logarithm of scanning rate (v) and Ip versus (vi/2) are linear over the range examined (Figure
6, inset C), as described by the equations:

Log Ip vs. log v:
For ETV, Log Ip(uA) = 0.4025logv (Vs™1) + 1.5509, R? = 0.9958
For TEV,Log Ip(uA) = 0.4412 logv (Vs™1) + 1.7761,R? = 0.9951

Ipvs.v /2

For ETV, Ip(u4) = 35.146 v Y/2(Vs~1) + 2.4284, R? = 0.9953
For TEV, Ip(ud) = 61.244 v Y2(Vs~1) + 1.7441, R? = 0.9984

In the reverse scan over the potential range studied, only an anodic peak was observed, with no cathodic
peak present. This indicates that the oxidation of ETV and TEV on the EDASP-CPE electrode is chemically
irreversible, similar to the oxidation reaction observed with the Gr-CPE electrode mentioned previously. The
observation of a change in the anodic peak potential towards a higher positive level as the scan rate increases
provides additional evidence for the existence of the irreversible oxidation process. The logarithmic graphs of
current (Ip) against frequency (v) and Ip against the square root of frequency (vi2) for both substances
demonstrate that the oxidation process on the EDASP-CPE and Gr-CPE 257 electrodes is primarily controlled
by diffusion.

The values of n and koinvolved in the reaction were calculated from the relationship between potential
and the logarithm of scan rate using the equations provided above in the simultaneous analysis of ETV and
TEV using an EDASP-CPE working electrode. The a values for ETV and TEV were calculated as 1.0 and 1.1,
respectively, and the n values were calculated as 2.1 and 1.9, which corresponds to about 2. The kovalues were
calculated as 194.4 for ETV and 216.1 for TEV, indicating that the reaction is faster than those obtained with
the Gr-CPE electrode. This suggests that the interactions between the analytes and the functional groups of
the resin molecules may contribute to the current sensitivity compared to Gr-CPE. This sensitivity is probably
due to the interaction of drug and resin groups, providing surface width and contributing to the increase of
conductivity.
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Figure 6. (A) Cyclic voltammograms of 0.2 mM ETV and TEV at EDASP electrode with different scan
rates being from 0.005 to 0.5 Vs—1. Inset: (B) Dependence of oxidation peak current on scan rate. (C)
Dependence of the logarithm of peak current on logarithm of scan rate. (D) Dependence of oxidation
peak current on the square root of scan rate. (E) Dependence of the peak potential on logarithm of
scan rate.

2.5. Oxidation mechanism

Fourier transform infrared (FTIR) analyses were conducted on both bulk ETV and TEV compounds,
as well as on samples that underwent voltammetric analysis (Figure 7), in order to study their oxidation
mechanisms. For this purpose, a weight of 12 mg of each compound was taken separately and dissolved in
methanol, the solutions were then diluted with BR buffer. CV scans for each solution were taken repeatedly
until the peaks of the compounds were significantly reduced. Electrodes were taken out, drops adhering to its
surface were collected and the surface was replaced. The process was repeated until collecting enough
amounts. The collected solution was dried with nitrogen gas and sent for analysis.

The FTIR spectral changes between TEV, ETV and their products obtained after the electrode reaction
are shown in Figure 7. FT-IR-spectrum of TEV showed small stretch bands at 3203.2 cm-and 2982.4 cm-
Irepresenting O-H, N-H/C-H functional groups. In the product of TEV, the appearance of a prominent wide
band in the range of 3000-3500 cm!, which includes this area, may indicate that additional O-H is formed. In
the IR of TEV product, the N-H bending and N-H stretching peaks of primary amines, which are the main
peaks of adenine structure, were decreased significantly at 1626.7 cmtand 1253.5 cm?, respectively (Figure 7).
Additionally, in the FTIR of the TEV product, the decrease of the peak at 1751.05 cm, which represents the
C=0/C=N functional groups, indicates the structural changes in adenine. In addition, the peak at 1669.1 cm-
1, which relates to the (R2-C=NR) bend in the adenine cycle, disappeared in the spectrum of the TEV product.
This suggests that the double bond present in the -N=C- group of the adenine ring underwent oxidation.
Furthermore, the FT-IR analysis of the ETV product obtained after the electrode reaction revealed the
disappearance of the peaks at 1629 cmand 1598 cm?! in the IR spectra. This suggests that the double bond in
the -C=N- group may be replaced by a hydroxyl group, as compared to the IR spectra of the standard ETV.
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Figure 7. (A) FT-IR spectrum of ETV in the bulk materials and after CV scanning (B)
FT-IR spectrum of TEV in the bulk materials and after CV scanning.

Previous studies have proposed two different redox mechanisms for TEV, with one mechanism
suggesting that the TEV adenine moiety is oxidized at the C2 position to form 2-oxoadenine. This process
involves the transferring of 2 electrons and 2 protons, with the 2-electron transfer being the rate-limiting step
[40, 43, 59]. The other oxidation mechanism suggested hydroxylation at the C2 position of adenine, resulting
in 2-hydroxyadenine [42, 60, 61]. It has been stated here that 2-hydroxyadenine is produced more efficiently
in monomers than in polynucleotides [60]. This mechanism involves the transfer of 2 electrons and 1 proton.
Similarly, the oxidation of the ETV guanine cycle also follows two pathways. The primary pathway results in
the formation of 8-oxoguanine, which requires transfer of equal numbers of electrons and protons, as reported
in studies [1, 23]. The alternative pathway, described by [25], involves transfer of 2 electrons and a proton and
leads to the formation of 8-hydroxyguanine through hydroxylation at C8.

Based on the above data and the pH-dependent mechanism, we hypothesize that the oxidation
mechanism of ETV (Figure 8) and TEV (Figure 8b) at both proposed electrodes follows the formation of 8-
hydroxyguanine and 2-hydroxyadenine, respectively, and that the electron number is twice the number of
protons. The suggested mechanism is shown in Figure 14.
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Figure 8. Possible oxidation mechanism proposed for TEV and ETV.

While EDASP and graphene have different structures, EDASP, depicted in figurel4, exhibits an
interconnected structure through intermolecular interactions, specifically sulfonamide-amine, amine-amine,
and sulfonamide-sulfonamide interactions, that shares some similarities with the sp2 structure of graphene
electrode material [61, 62]. This process enhances the electroactive surface area of the electrode, leading to
improved kinetics and enhanced electrocatalytic activity towards ETV and TEV. Another study suggests that
sulfonamide resin may play a role in forming slightly stable radicals (R-SO2-N.CH2CH2NH2 or R-SO2-
NHCH2CH2N.H) under acidic conditions (pH of 4.0), with TEV potentially interacting with the amine group
of the resin through its phosphoric acid function, and ETV possibly interacting with either the sulfonamide or
amine radical [62, 63]. This interaction may result in electrostatic interactions such as N-H...O=P, O-H...O=S,
and N-H...O=S.

2.6. SEM analysis

In addition to the FT-IR structure characterization, the morphology and elemental composition of
modified electrodes were examined by SEM-EDX spectroscopy. SEM images of the EDASP resin, Gr-CPE, and
EDASP-doped CPE electrodes are presented in Figure 9 and Figure 10. In the characterization of SEM-EDX,
according to Figure 9. A, the EDASP resin has a spherical form, but irregular particles and cracks were
observed because of exothermic reaction conditions and mechanical deformations. However, it was revealed
that 1pm and 10 pM diameter Gr-CPE (Figure 9A and B) and 10 pM diameter EDASP-CPE (Figure 10B)
electrode materials exhibit similar structures, their morphological structures are large, fuzzy-edged, layered
semi-amorphous particles and porous. In contrast, SEM image of 100 nm diameter EDASP-CPE and 200 pm
diameter Gr-CPE exhibited suitable smooth surfaces with a large active surface area, non-uniform, distorted
superimposed foam-cloud-like structure size and distribution (Figure 9C, Figure 10C). The modified
electrodes exhibited a synergistic composition with good dispersion of Gr and EDASP in graphite, allowing
for high sensitivity measurements of both molecules.

The elemental composition of the graphene-doped carbon paste was analyzed using EDX spectroscopy,
revealing a carbon-to-oxygen atom ratio of 91.9% to 8.1%, respectively (Figures 9 and 10). This higher carbon
ratio and lower oxygen ratio than expected for graphite [63] suggests successful modification. The EDX
spectrum of EDASP-CPE revealed the presence of nitrogen and sulfur atoms, which are suitable for the
sulfonamide polymer structure. The "C and O" atom ratios were also found to be reasonable. These results
indicate the successful modification of the electrode materials with nanomaterials.
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Figure 9. SEM images of (a) 1 pm (b) 10 pm, (c) 200 nm Graphene-doped CPE electrodes and its EDX analysis
report.
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Figure 10. SEM images of (A) 1 um pure EDASP resin (B) 10 um EDASP-CPE, (C) 200nm EDASP-CPE

electrodes and EDASP-CPE EDX analysis report.
2.7. Method validation
2.7.1. Linearity and sensitivity

The DPV method was used to quantify ETV and TEV at graphene and EDASP electrodes. DPV was
chosen as it produces more accurate peaks at lower concentrations of ETV and TEV than cyclic voltammetry,
and results in a reduced baseline current, leading to better resolution. The study found that DPV can be
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employed to measure the levels of ETV and TEV at pH 4.0 and 4.5 using the specified electrolyte. Figure 11
illustrates a linear correlation between the current peak and the concentrations of ETV and TEV, as
demonstrated using differential pulse voltammograms. Using the above-mentioned ideal conditions, a linear
dynamic range for ETV and TEV, from 1.0 to 250.0 1M, was obtained on both electrodes, as shown in Table 1.
Limit of detection (LOD) values for ETV and TEV were 0.2 pM, while limits of quantitation (LOQ) were 0.6
and 0.7 pM respectively, at Gr-CPE.

The LOD of ETV and TEV on EDASP-CPE were 0.2 pM, and LOQ values were 0.5 and 0.7 pM,
respectively, as shown in Table 1 and Figure 12. The statistical information for the calibration curves was
obtained from six individual measurements, and the LOD and LOQ were established by utilizing the provided
equations.

3s 10s
LOD =—;L0Q = —
m m

The equations used to calculate LOD and LOQ take into account the standard deviation of the current
peak response and the slope of the calibration curve (s and m, respectively) [65]. When evaluating the slope
of the calibration curve and the closeness of the measurements, which are among the sensitivity parameters,
were evaluated, it was observed that both substances showed excellent sensitivity with the modified
electrodes, although the TEV response was slightly higher.

Table 1. Statistical parameters for determination of ETV and TEV determination at Gr-CEP and EDASP-CPE
electrodes by DPV method.

Parameters ETV at Gr-CPE TEV at Gr-CPE  ETV at EDASP-CPE  TEV at EDASP-CPE
Peak Potential (V) ~11 ~14 ~11 14

Linearity (uM) 1.0-250.0 1.0-250.0 1.0-250.0 1.0-250.0

Slopea 6.9x10-2 7.5x102 6 x10-2 7.8x102

Intercept 0.1305 0.1411 0.1441 0.1415

LOD (uM) 0.2 0.2 0.2 0.2

LOQ (uM) 0.6 0.7 0.5 0.7

SE of slopeb 1.6x10-5 2.1 x10° 6.9 x105 2.2x10°

SE of intercept 1.8x103 2.4x103 7.8x10-4 2.5x103

Correlation coefficient (r)  0.9996 0.9998 1 0.9997

ay(pA) =mC(pM)+b; y is current peak height, m is slope, b is intercept
bSE: Standard Error
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Figure 11. Differential-pulse voltammograms of ETV and TEV using Graphene electrode at pH 4.5 buffer
solution at different concentrations: 1, 5, 10, 25, 50, 100, 200 and 250pM. Inset: Plot of the peak current against
the concentration of ETV and TEV.
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Figure 12. Differential-pulse voltammograms of ETV and TEV using EDASP electrode at pH 4.0 buffer
solution at different concentrations: 1, 5, 10, 25, 50, 100, 200 and 250pM. Inset: Plot of the peak current against
the concentration of ETV and TEV.
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2.7.2. Accuracy and precision

The intra-day (repeatability) and inter-day precision (reproducibility) of the proposed DPV method
were evaluated by measuring ETV and TEV at both electrodes at three different concentrations (20, 50, and
100 pM) within the linear dynamic range. Repeatability was calculated by taking five consecutive
measurements at the expressed concentrations on the same day, yielding an average percent relative standard
deviation (RSD) of 0.9% to 3.8% for both drugs, indicating good repeatability of the method (Table 2). For
reproducibility, fresh electrodes were prepared each time, and the analysis was conducted at the same
concentrations over a period of five days within a two-week period. High precision was obtained with RSDs
in the mean range of 0.9% to 3.4% for both drugs (Table 2). The calculated Horwitz ratios (HorRat), which
indicate the acceptability of the assay test, were also calculated. The results showed excellent precision with
average HorRat values of 0.1 and 0.6 for intra-day and inter-day studies, respectively (Table 2) [65].

Additionally, the accuracy test, which gives the closeness of the measured value to the true value, was
obtained by the recovery of the analyte added to the blind matrix. The accuracy of developed methods was
evaluated using the same samples of drugs for both electrodes. Average percent recovery values of accuracy
for ETV and TEV were obtained with Gr-CPE electrode between 95.7-102.6% and with EDASP-CPE between
99.8-101.8% (Table 2).

Also, the % recovery and %RSD parameters were compared with the data of voltammetric studies
reported in the literature. Accordingly, the %RSD values obtained for the determination of TEV were lower
than some previous studies [44, 66]. Likewise, the % recovery values of drugs were compared, and similar
results were found with some existing ones, but higher than some voltammetric studies by Festinger and
Chihava [41, 43] for the TEV determination method; Elqudaby [23] for ETV determination method. All these
data prove that the proposed DPV methods are highly precise and accurate, making them a valuable tool for
the combined determination of ETV and TEV in clinical and pharmaceutical applications.

Table 2. Analytical precision and accuracy of ETV and TEV determination at Gr-CEP and EDASP-CPE
electrodes by DPV method.

Gr-CEP EDASP-CPE
Added Found Recovery RSD Hor Added Found Recovery RSD Hor
(uM) (uM) £SD (%) (%) Rata  (uM) (uM) (%) (%)  Rata
+SD

ETV Intra 20 19.2+0.7 96.1 3.8 0.6 10 10.04¢0.2  100.1 1.8 0.2
-day 50 51.0£0.5 102.1 1.0 0.2 25 255104 101.8 1.6 0.2

100 100.041.0 100.0 1.0 0.2 50 499405 99.8 1.0 0.2

Inter- 20 20.1+0.7 100.7 34 0.3 10 10.1+0.3  100.5 34 0.2

day 50 51.3+0.5 102.6 0.9 0.1 25 25.0+0.5 100.0 1.9 0.1

100 100.041.3 100.0 13 0.1 50 499408  99.8 1.6 0.1

TEV Intra 20 19.3+0.7 96.6 3.8 0.6 10 10.1+0.3  100.9 2.6 0.3
-day 50 49.9+0.6 99.8 0.9 0.2 25 255104 101.8 1.6 0.3

100 95.9+1.1 95.9 1.2 0.2 50 50.6£0.7 101.1 15 0.3

Inter- 20 19.4+0.6 97.0 3.3 0.2 10 102403 101.5 3.3 0.2

day 50 49.6+0.9 99.2 1.8 0.2 25 25.1+0.6  100.2 3.2 0.2

100 95.7+1.6 95.7 1.6 0.2 50 50.4+0.6  100.7 1.2 0.1

HorRat = RSD/Predicted PRSD, the predicted relative standard deviation (among-laboratory) (PRSDR = 2C-015),

2.7.3. Electrode stability and reproducibility

To evaluate the repeatability of the proposed sensors, five measurements were taken using DPV from a
solution containing 50 pM of ETV and TEV on the same day. The results showed that the Gr-CPE electrode
had an RSD of 2.9% for ETV and 3.5% for TEV, while the EDASP-CPE electrode had an RSD of 2.5% for ETV
and 1.8% for TEV, indicating that the sensors have a high level of repeatability. The reproducibility of the
developed sensors was also evaluated by independently fabricating five different electrodes and measuring
ETV and TEV concentrations of 50 ptM over an 8-week period, as shown in Figure 13. The results showed that
the sensors exhibited acceptable reproducibility, with RSDs of 3.5% and 3.8% for ETV and TEV, respectively,
using the Gr-CPE electrode, and RSDs of 2.7% and 2.0% using the EDASP-CPE electrode (Table 3).
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Table 3. Electrode stability and reproducibility were tested over 8 weeks taking 50 uM ETV and 50
uM TEV at Gr-CEP and EDASP-CPE.

Gr-CPE EDASP-CPE
Studied Conc.(uM) Ip(mA):+SD  RSD (%) | Conc.(uM) Ip(mA)23SD  RSD
compounds (%)
ETV 50 3.9£0.1 3.5 50 3.5£0.1 2.7
TFV 50 3.1+0.1 3.8 50 4.0£0.1 2.0

a: average of 8 weeks currents measuring for 7 repeating each.
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Figure 13. Reproducibility of electrode stability over 8 weeks (n=7) of Gr-CPE (a) and EDASP-CPE (b)
electrode respectively at 50 uM for each ETV and TEV in BR bulffer.

2.7.4. Selectivity and effect of excipients

The potential impact of excipients commonly found in pharmaceutical formulations or body fluids on
the proposed analytical method was investigated. Sample solutions containing the same amount of ETV and
TEV (50pM) in a BR buffer mixed with significant amounts of each excipient were analyzed under the same
experimental conditions to examine their effect on the voltammetric response. The results, shown in Table 4,
indicated that a hundred-fold excess of Na*, K*+, Ca*2, glucose, starch, and ten-fold of vitamin C (ascorbic acid)
did not affect the voltammetric response. The potential of TEV showed only a slight change of more than 5%
when only citric acid was present without effecting the potential respond of ETV, indicating that the analysis
of ETV and TEV can be performed in the presence of these excipients, making it specific and selective. The
high recovery in the presence of interferences not only reinforces the method's accuracy but also suggests that
the methods can be applied to determine both drugs in biological matrices.

2.7.5 Determination of ETV and TEV in tablets

The developed DPV methods were employed to determine the ETV and TEV content simultaneously
in tablet samples using two fabricated working electrodes. The content of the tablets was determined by using
the current values in the regression equation established with the ETV and TEV standard solutions, and the
recoveries were determined. Results were determined by averaging the results of 5 separate analyses. The
average recovery of ETV in tablets using the DPV method was 98.9% at the Gr-CPE electrode and 97.4% at the
EDASP-CPE electrode. The average recovery of TEV in tablets was found to be 102.8% at the Gr-CPE electrode
and 101.3% at the EDASP-CPE electrode. At the same time, both drugs were determined separately in their
tablets by DPV method at 2 different concentrations to confirm whether the drug mixture was determined
correctly from the TEV tablet and whether the combined analysis had any effect. When the results of
simultaneous and separate determination of drugs in tablets were examined, it was revealed that there was
no significant difference in terms of %RSD values and recovery results (Table 5) and samples had a content
level between 97.4% and 102.8% of the mean in their simultaneous determinations and between 100.0 and
102.0 in their separate analyses. These results are within the threshold of 95-115%, indicating that both antiviral
drugs can be safely determined together in combined tablet preparations.
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Table 4. Influence of potential excipients on the voltammetric response of 50 uM ETV and 50 uM TEV at Gr-
CEP and EDASP-CPE.

Excipients Concentration Ipof ETVin Ipof ETVin Signal IpofTEVin Ipof TEVin Signal
of Excipients  the absence the presence  change the absence the presence change

/mM of Excipient  of Excipient (%) of Excipient  Of (%)
Excipient
Graphene-CPE

Na+ 5mM 3.4 3.3 21 35 3.6 14
K+ 5mM 3.3 3.3 -1.2 3.5 3.4 -3.1
Glucose 5mM 34 34 24 3.6 35 -2.0
Starch 5mM 34 3.3 2.4 3.6 3.7 3.9
Lactic acid 5mM 33 3.2 -1.8 3.6 34 -3.9
Ascorbic g 5\ p 34 34 12 36 37 28
acid

Citricacid 0.5mM 34 35 3.1 35 3.2 -8.9

EDASP-CPE electrode

Na+ 5mM 34 3.3 4.4 3.5 3.4 -4.3
K+ 5mM 35 3.4 29 3.6 3.7 22
Glucose 5mM 34 35 1.2 3.6 3.6 2.0
Starch 5mM 34 33 -3.5 35 37 37
Lactic acid 5mM 35 3.6 2.6 35 35 -14
Ascorbie g 5\ 34 33 5.0 35 3.4 40
acid

Citricacid 0.5mM 35 34 -2.9 35 3.2 -8.5

Table 5. Results of simultaneous and separate determination of ETV and TEV in pharmaceutical
formulations by DPV method (n=5).

Gr-CPE EDASP-CPE
Studied Tablet Found(mg) Recovery RSD Taplet Found(mg) Recovery RSD
compounds taken(mg) *SD (%) (Y0)  taken(mg) +*SD (%) (%)

Simultaneous determination of ETV and TEV from tablets

ETV 14.9 14.8+0.5 98.9 3.6 14.9 14.5+0.5 97.4 3.5

TEV 141.5 145.5+6.7 102.8 4.6 141.5 143.4+5.8 101.3 41

Separate determination of ETV and TEV from tablets

ETV 0.5 0.5+0.0 102.0£6.5 4.3 0.5 0.5+0.0 100.2+4.0 4.0
ETV 1.0 0.5+0.1 100.8+4.7 4.6 1.0 0.5+0.0 100.0+4.1 41
TFV 200.0 201.0+£7.3 100.5£3.7 3.6 200.0 201.0+4.7 100.5+2.4 24
TFV 245.0 248.7+10.7 101.5+4.4 4.3 245.0 246.9+7.0 100.8+2.8 2.8

3. CONCLUSION

In this study, new and effective CV and DPV techniques based on the use of Gr-CPE and EDASP-CPE
were developed for the first time to simultaneously determine ETV and TEV and to investigate their
electrochemical properties. For the first time, EDASP resin nanomaterial was used as an electrode material in
the modification of the carbon paste electrode. Under the same experimental conditions, carbon paste
electrodes modified with Gr and EDASP showed quite high sensitivity in determination of both drugs
compared to bare CPE. The effect of scanning rate and pH were investigated to obtain the highest response
for detailed electro analysis of ETV and TEV. Electrochemical studies show that both substances are
irreversible and diffusion-controlled, involving the transport of one proton and two electrons. The
experiments were conducted using a 0.04 M Britton-Robinson buffer as the supporting electrolyte with a pH
of 4 for Gr-CPE and a pH of 4.5 for EDASP-CPE. The electrode reactions of the substances were examined by
CV, DPV, and FTIR techniques. The SEM morphological analysis revealed the successful modification of the
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electrode surface with EDASP resin and Gr. The Gr-CPE and EDASP-CPE electrodes showed clear oxidation
peaks for ETV and TEV at approximately 1.1 V and 1.4 V respectively. The DPV technique was used to measure
the linear increase of current responses for ETV and TEV at concentrations between 1.0 and 250.0 M on Gr-
CPE and EDASP-CPE electrodes. LOD values were 0.2 pM for both studies. Excellent selectivity and
performance have been achieved without interacting with many excipients that can be found in
pharmaceutical preparations and biological fluids. The fabricated Gr-CPE and EDASP-CPE sensors offered
highly selective, sensitivity, good stability, and high conductivity, and were applied to the simultaneous
detection of ETV and TEV in tablets with high recoveries using the DPV method. These superior properties
make it possible to accurately determine the substances in biological matrices.

Although various methods have been developed for the detection and quantification of antiviral drugs,
including TEV and ETV, LOD/LOQ values were found to be less sensitive than the current study and the
detection linear ranges were generally narrower. Among these there are spectrophotometry, chromatography,
and electrochemistry methods. ETV was determined at 437 nm and 293.6 nm by spectrophotometric methods,
with a linear range of 1.4-6.8uM [15] and 1.7-17.0pM [18] and LODs of 0.5pM and 0.06uM, respectively. TEV
was determined at a range of wavelengths around 229-260 nm, with linear ranges of 1.7-139.3uM [29], 17.4-
174.1pM [30], and 7.0-139.3pM [31] and LODs of 0.04pM, 1.6puM, and 1.5pM, respectively. Some studies have
investigated the development of electrochemical nanosensors for the detection of ETV and TEV individually.
In ETV electrochemical determinations, DPV, SWV, LSV and SWCAdSV methods are used. Composition of
the used working electrodes are GCE [23], NiFe;O4-IL/ CPE [25] and CeO»-GONRs/GCE [1]. The linear ranges
vary according to the method, range from 2.2 -32.4pM, 0.5-100pM and 0.08 -2.2uM and 2.2-155uM and LODs
are 0.6pM, 0.04pM and 0.002uM receptively. Similarly, TEV is quantified using DPV, SWV and SWCAdSV
methods. Main electrodes used are Bare GCE [38], HMDE [37], dsDNA/BDD [39], GO/GCE [43], Ag-
BAC/GCE [40], Ni-CoS/GQDs/GCE [41], NiS@PAA-MWCNT/GCE [42] and MIP-Pt@g-C3N4/F-
MWCNT/SPE [45]. The linear range are 0.6-60pM, 1.7-17pM, 5-100pM, 0.3-30pM, 0.06-1.0pM, 5-18pM, 20-
80pM,, 0.7-100pM and 0.005-0.7uM while the LOD are 0.1pM, 0.5pM, 0.6pM, 4.8x103pM, 2.4x10-°pM, 1.2x10-
SuM, 5.6x10°pM, 0.2pM and 0.003pM receptively. In the meanwhile, very few methods have reported
simultaneous determination of ETV and TEV, including HPLC-UV and HPLC-MS/MS methods. Detection in
HPLC-UV was carried out at 255 nm with linear ranges of 0.9x102 -0.3 and 0.9-3.4pM and LODs of 0.9x10-2
and 0.9uM, respectively [46]. In HPLC-MS/MS [47], the LODs for ETV and TEV are 0.7x10+4 and 0.03uM,
respectively.

In summary, the proposed method has several advantages over other complicated instrumental
analysis techniques, including the elimination of pre-assay sample preparation, high sensitivity, fast response,
good reproducibility, and requires a small amount of material. These findings show that the DPV method
developed with the newly designed Gr-CPE and EDASP-CPE electrodes is a sensitive, selective, and accurate
option for analysis of ETV and TEV in preparations at very low concentrations.

4. MATERIALS AND METHODS
4.1. Chemicals

Graphite powder with a particle size of less than 20 pm and chitosan (Cs) were obtained from Sigma-
Aldrich. Graphene nanoplatelets (Gr; 5-10 nm; specific surface area 750 mz2/g; diameter 5-10pm) and multi-
walled carbon nanotubes (MWCNT; for general purposes) were supplied by Nanografi. Ethylenediamine
sulfonamide polymer resin was manufactured at the Department of Chemistry at Istanbul Technical
University. TEV and ETV were obtained from Sanovelilag (Istanbul, Turkey) and were used as received.
Paraffin wax (56-58, in pastille form), methanol, and acetonitrile were obtained from Merck. The other
chemicals were ordered from Riedel de Haen. These include sulfuric acid (H2504), glacial acetic acid
(CH3COOH), boric acid (H3BOs), orthophosphoric acid (H3POs), and potassium chloride (KCl) of analytical
grade, which was used without purification.

Standard solutions of ETV and TEV were made by dissolving the compounds at a concentration of 10
mM in methanol and stored at 4°C until use in the assay. Working solutions with concentrations ranging from
1.0 to 250.0pM were made by diluting the standard solutions with methanol immediately before each use. A
range of universal Britton-Robinson buffer (BR) with pH values of 2-8 was utilized as the supporting
electrolyte. The Britton-Robinson buffers were made by blending 0.04 M boric acid, 0.04 M phosphoric acid,
and 0.04 M acetic acid, which were then modified to the appropriate pH range of 2-8 with 0.2 M sodium
hydroxide [67].
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4.2. Apparatus

Electrochemical analyses were carried out using a computer-controlled BASi Epsilon-EC version 2
potentiostat systems (Bioanalytical Systems, Inc., West Lafayette, IN). A standard three-electrode cell with a
volume of 25 mL was used: Ag/AgCl (3M NaCl) electrode (MF-2052, BASi) as the reference electrode (RE), a
platinum wire counter electrode (CE). The Gr-CPE and EDASP-CPE served as the working electrodes (WE).
Fourier transform infrared (FTIR) spectra were obtained in the 4000-650 cm! spectrum using a Bruker Alpha
Universal Attenuated total reflection (ATR) sampling accessory spectroscope (GmbH, Germany). Graphene
and cross-linked ethylenediamine sulfonamide polymer resin-modified CPE were featured by field emission
scanning electron microscopy, FE-SEM (ZEISS Sigma 300, Germany) with energy dispersive X-ray
spectrometry (EDX). pH measurements were employed with a pH ion meter (Mettler Toledo) and pure water
used obtained by an ultra-pure water device (Purelab Option).

4.3 Synthesis of cross-linked ethylenediamine sulfonamide polystyrene resin (EDASP)

The synthesis of ethylenediamine polystyrene resin (Figurel4) was reported by Bicak and Senkal (1997)
and then by Yavuz et al. (2015). Briefly, the preparation of cross-linked chlorosulfonated polystyrene resin was
started by mixing styrene (90% mol) and divinyl benzene (DVB) (10% mol) monomers with dibenzoyl
peroxide in toluene and polymerizing at 80 °C for 8 h using the suspension polymerization method. After
washing and drying, this crosslinked polystyrene resin was chlorosulfonated using excess chlorosulfonic acid
(approximately 50 mL) for 2 h at 0°C and 18 h at room temperature. This reaction mixture was poured into the
ice-water mixture and stirred. The chlorosulfonated resin was then filtered and cleaned. In the final step, 10 g
of chlorosulfonated polystyrene (CSPS) resin was reacted with an excess of ethylenediamine (12 mL) in 30 ml
of 2-methyl pyrrolidone at 0 °C, followed by continuous shaking for 24 h at room temperature. The reaction
contents were filtered in an aqueous solution, washed, and dried under vacuum to yield the final product,
(EDASP).

O

9p]

——NHCH,CH,NH,

Figure 14. Structure of EDASP

4.4. Preparation of modified electrochemical electrodes

To prepare the best sensor for simultaneous determination of ETV and TEV, carbon paste electrodes
were prepared using various modifiers. After the appropriate modifiers were selected, their proper
components were studied and optimized.

For fabricated modified electrodes, 5-25% graphene (GR), 5-25% cross-linked ethylenediamine
sulfonamide polymer resin (EDASP), 10% multi-walled carbon nanotubes (MWCNT), 10% chitosan and 10%
MgO were weighed separately, as modifiers. 75%-95% graphite was added to make up the total electrode
material powder to 100% and thoroughly blended by a spatula in a glass beaker, and then blended with
paraffin wax melted at a 3:10 weight ratio (paraffin: electrode material) at 70 °C for about 25 minutes. A small
portion of the prepared paste was firmly filled into the hole (2.87 mm) at the end of a commercial plastic disc
electrode body (BASi MF-2010, 7.5 cm x 3.4 mm) and polished by rolling it on a clean sheet of paper to ensure
a perfectly smooth surface. Unmodified CPE (bare CPE) was obtained by mixing 1 g of graphite with 0.3 g of
melted paraffin wax and applying the same procedure. When the electrode surface needs to be renewed, the
old one is removed by a spatula, the electrode body is washed with water and alcohol, and a new paste is
placed and polished in the same way. Also, before each experiment, the electrode surface was smoothed and
rinsed with distilled water.

The prepared CPE pastes were stored in tightly closed glass containers in the dark at room temperature.
Prior to analysis, the electrode was immersed in a BR buffer solution, and voltammograms were registered to
ensure stability.
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4.5. Working dynamic range

In the simultaneous determination of ETV and TEV, various experimental parameters such as operating
potential range and scanning speed were studied for current optimization. All experiments were conducted
at room temperature. The electrochemical behavior of ETV and TEV on selected modified Gr-CPE and EDASP-
CPE was investigated with CV against Ag/ AgCl at a scanning rate of 100 mV/s in the potential range between
0-1.6V. For drug determination using differential pulse voltammetry (DPV) analysis, the potential window
was chosen between 0.0 and 1.6 V, starting from zero. DPV measurements were performed using a 50 ms pulse
width, 50 mV pulse amplitude, 4 mV step potential (Estep), 100 pA sensitivity, and a 20 mV/s scanning rate.
The oxidation current peak values of approximately 1.1V for ETV and 1.3-1.4 V for TEV were recorded in the
voltammogram.

The experimental procedure was as follows: 10 mL of 0.1 M BR buffer (pH 4.0 or pH 4.5) was added to
a Pyrex cell, and DPVs of the empty solution were recorded. Then, for the working dynamic range, eight
different concentrations of ETV and TEV (from 1.0 to 500 pM) were prepared, and peak currents were
measured after mixing. The peak current values were recorded against the concentrations of the added
compounds, and a calibration curve was plotted. The regression equation of the curve was determined, and
at least 6 measurements were conducted for each concentration. The developed method was then used to
analyze the substances in the tablets.

4.6. Assay of tablets

TEV Tablets (245 mg TEV per tablet, Voxus®) were obtained from a local market and produced by
Sanovel Ilag (Istanbul, Turkey). Five tablets of TEV were finely powdered, and one tablet’s equivalent weight
was taken. Since a commercial combination of ETV and TEV in tablet form is not available, 14.7 mg of ETV
was mixed with this weighed TEV tablet powder. The mixture of ETV and TEV was transferred to a 100 mL
volumetric flask and blended with about 70 mL of methanol. The solution was then sonicated for 1 h, diluted
to 100 volumes with methanol, and filtered. Appropriate quantities of the solutions were measured and
evaluated using DPV. The concentration of the active ingredient in the tablet was determined using the
regression equations established for the corresponding standard drugs. TEV in its pure form was considered
the base in the calculation rather than its ester form as a prodrug.

To monitor whether there were any effects or deviations in the application of the developed DPV
method to the determination of both drugs simultaneously in tablets, it was also applied separately to the
determinations of commercial tablets containing ETV and TEV. Hepagard tablet (1 mg ETV per tablet)
containing ETV and Voxus tablet (245 mg TEV per tablet) containing TEV were prepared in methanol as
described above, and their determinations were made separately in the same manner.
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