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Avanafil (AVA), a phosphodiesterase inhibitor effective in treating erectile dysfunction, can be rapidly and sensitively detected through
cost-efficient electrochemical techniques. In this study, a novel voltammetric sensor based on a composite pencil graphite paste electrode
(CPG-PE) improved with acetylene black nanoparticles (ABNPs/CPG-PE) for the trace quantification of AVA in the pharmaceutical
formulations and biological fluids. The ABNPs/CPG-PE displayed high efficiency in oxidation of AVA employing adsorptive stripping
square-wave voltammetry (AdS-SWV) in phosphate buffer (pH 7.0). AdS-SWV was effectively utilised for AVA detection using
ABNPs/CPG-PE as a selective and sensitive method demonstrating two distinct linear concentration ranges of 0.002-1.96 uM and 1.96-
19.6 uM AVA. The LOD and LOQ were 9.3 x 10 M and 3.1 x 10-° M, respectively, with a sensitivity of 59.97 pA pM-—*tcm=2
Furthermore, the electrochemical behaviour of AVA in the presence of antihypertensive doxazosin (DOX) as a selective a-blocker on
ABNPs/CPG-PE was explored and the interaction between AVA and DOX drugs was discussed.

Keywords: Avanafil, Electrochemical sensor, Acetylene black, Pharmaceutical analysis, Doxazosin drug, Drug-drug interactions.

INTRODUCTION

Avanafil (AVA) distinguishes itself as a phosphodiester-
ase-5 (PDE-5) inhibitor, marking the most recent inclusion in
this class of medications. It offers greater selectivity and faster
onset of action when contrasted with other PDE-5 inhibitors
[1-4]. The use of AVA drug requires careful monitoring parti-
cularly when co-administered with medication that interact
with it. In this regard, co-administration of AVA drug with
antihypertensive a.1-blockers such as doxazosin (DOX) causes
a profound decline in blood pressure or diverse effects. Con-
sequently, there is a critical need to investigate the effects of
antihypertensive drug DOX on the erectile dysfunction drug
AVA to determine the potential of drug-drug interactions and
assess whether dose adjustments of AVA are warranted [5,6].
Hence, stringent quality control of AVA is imperative to ensure
the efficacy and appropriate dosing in patients.

As of now, a few analytical methods have been employed
to detect AVA in its dosage forms and biological fluids, incl-
uding spectrofluorimetry [7,8], spectrophotometry [9], thin layer
chromatography [10], liquid chromatography-mass spectro-
metry (LC-MS) [11]. Furthermore, stability-indicating liquid

chromatography with diode array detection and liquid chro-
matography coupled with mass spectrometry methods were
applied to measure the concentration of AVA in its pharma-
ceutical formulations [12]. Although most of these methods
are efficient and accurate in determining the target drug, they
are often costly and involve complex analysis procedures. In
recent years, electrochemical methods offer simplicity, cost-
effectiveness, sensitivity and swift operational performance,
underscoring a variety of advantages. A review of the literature
on AVA revealed that only a small number of studies have
addressed the electrochemical detection of AVA, employing
modified electrodes [13-15]. For the quick assessment of
numerous drugs, electroanalytical techniques like square wave
voltammetry (SWV) have been used [16-18]. Moreover, the
use of appropriate nanomaterials for modifying surfaces can
notably improve analytical capabilities such as selectivity,
sensitivity, precision and long-term stability.

In the field of electroanalytical investigation, many
endeavors have been made to advance modified electrodes
through a range of hanomaterials and nanostructures [19-23].
Various nanomaterials have been employed to modify elect-
rodes, aiming to broaden the linear range, enhance the select-
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ivity and boost the detection limit for detecting humerous
compounds [24-26]. Consequently, there remains a need to
develop a sensitive, simple and rapid analytical method to
detect AVA and explore its interaction with the antihyper-
tensive drug DOX.

Lately, there has been notable attention concerning electro-
chemical sensors using acetylene black nanoparticles (ABNPs).
ABNPs, a special form of carbon black with a porous structure,
exhibits remarkable properties including superior electrical
conductivity, extensive surface area, strong adsorption capacity,
small particle size, a highly branched chain structure, as well
as excellent chemical stability [27]. The acetylene black based
composites exhibited a hydrophilic surface characterised by
a significant level of structural defects linked to the intrinsic
functionalisation of ABNPs. In contrast, the graphite-based
composites displayed a more hydrophobic nature due to the
lower degree of functionalisation in graphite [28]. Furthermore,
the electrodes derived from ABNPs demonstrated more homo-
geneous surfaces with reduced roughness compared to those
made from graphite, indicating greater cohesion and spread-
ability attributed to the nanometric properties of ABNPs. As
a result, the ABNPs displays significant potential for use as
an electric transducer in a wide range of sensing applications.
This capability is further enhanced through surface modifi-
cations with nanomaterials, which increase the active surface
area and catalytic activity, thereby improving the conductivity
of the modified electrode. On the other hand, pencil graphite
lead has acquired great attention in electrochemistry due to
its excellent electrical conductivity, cost-effective production
and physical robustness. Electrochemical sensors modified
with ABNPs show great potential for enhancing sensitivity
and lowering detection limits in various analyses [29-33]. To
enhance the electrocatalytic activity of pencil graphite lead,
we propose a novel electrochemical sensor employing a com-
posite pencil graphite paste electrode (CPG-PE) incorporated
with ABNPs.

The objective of the present work is to fabricate a new
electrochemical sensor platform based on a composite pencil
graphite paste electrode (CPG-PE) improved with acetylene
black nanoparticles (ABNPs/CPG-PE) for the trace determi-
nation of AV A in pharmaceutical formulations and biological
fluids using adsorptive stripping square wave voltammetry
(AdS-SWV). Moreover, the proposed sensor (ABNPs/CPG-
PE) is also applied to investigate the interaction between the
antihypertensive drug doxazosin (DOX), a selective alpha
blocker and AVA. The understanding of potential drug-drug
interaction is crucial for preventing severe side effects in patients.

EXPERIMENTAL

Avanafil (AVA) was kindly supplied as a gift from
NODCAR, EI-Dokki, Giza, Egypt. Acetylene black (AB,
carbon black, acetylene, 50% compressed, 99.9+%, average
particle size 42 nm) and paraffin oil were obtained from Alfa
Aesar. The pencil graphite was available as pencil lead from
HB Prima. To prepare the stock solution (1 x 10-% M), ethanol
was mixed with the appropriate amounts of AVA. As electro-
lytes Britton—Robinson buffer (BRB), Mcllvaine buffer (MB)
and phosphate buffer were used. The morphology of both

CPG and the ABNPs/CPG nanocomposite was characterized
using scanning electron microscopy (SEM). All the electro-
chemical measurements [CV, adsorptive stripping square-wave
voltammetry (AdS-SWV) and EIS] were performed using an
EG&G 263A Potentiostat/galvanostat and CS100E portable
potentiostat. A three-electrode system was used for the voltam-
metric detection of AVA. A Ag/AgCl/saturated KCI electrode
was used as a reference electrode and a platinum wire was used
as counter electrode.

Electrochemical procedure: The voltammetric response
of AVA at modified and unmodified electrodes was investi-
gated in PBS pH 7.0. A suitable volume of AVA solution was
added by a micropipette to the electrochemical cell containing
5 mL PBS pH 7.0. For AAAS-SWV experiments, 0.2 V was
selected as accumulation potential (Eacc) and 120 s as the
accumulation time (tacc). The stirrer was turned off at the end
of accumulation time and the solution was allowed to settle
for 15 s before the voltammetric scan. The AJAS-SWV meas-
urements were performed using a step height of 10 mV, a
frequency of 100 Hz and a pulse height of 8 mV.

Preparation of real samples: Urine and serum samples
of healthy volunteers were collected and stored frozen. Urine
samples were centrifuged and filtered before use. A 1 mL urine
sample was diluted with PBS pH 7.0 to a predefined volume
and no pre-treatment was done. A 0.2 mL aliquot of the serum
sample was treated with 2 mL methanol as a serum protein
precipitating agent. The precipitated proteins were separated
by centrifugation for 20 min at 4000 rpm. Each sample was
diluted 10 times with PBS pH 7.0 before measurement. After
preparing the sample, it was transferred to an electrochemical
cell for analysis.

The pharmaceutical sample (Atconafil 200 mg, Atco
Pharma) was procured from the local drug store. Five tablets
were precisely measured, crushed into a homogenized fine
powder and dissolved in ethanol. The solution was sonicated
for 20 min in an ultrasonic bath for complete homogenisa-
tion. The obtained solution was filtered using Whatman filter
paper and diluted with PBS pH 7.0 to achieve the required
concentration.

VRE-Doxazosin interaction procedure: To prepare a
stock solution of doxazosin, 5 tablets of Dosin 1 mg (Egyptian
International Pharmaceutical Industries Company - EIPICO)
were finely ground and an accurately weighed portion of the
powdered tablets was dissolved in 5 mL of ethanol. To assess
the response, a known volume of AVA was added to 5 mL of
PBS of pH 7.0. The response was measured after each succe-
ssive addition of doxazosin stock solution. The interaction
between doxazosin and AVA was subsequently studied at
various temperatures.

Preparation of the electrodes: Composite pencil
graphite (CPG) powder was derived from HB-type composite
pencil graphite leads (CPGLSs) sourced from Prima, utilizing
a ball mill grinding machine. The bare composite pencil grap-
hite paste electrode (CPG-PE) was obtained by mixing CPG
and paraffin oil in an agate mortar (80:20 w/w). The resulting
paste was inserted into a Teflon tube with a geometric area of
0.07 cm?. Subsequently, the surface was smoothed by polis-
hing it with a piece of paper. The ABNPs-modified CPG-PEs
(ABNPs/CPG-PE) were prepared by mixing ABNPs (4.2, 7.3
and 10.4%) with CPG and 20% paraffin oil until well blended.
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RESULTS AND DISCUSSION

Morphological studies: SEM provides high-resolution
characterisation of surface morphology in both CPG and
ABNPs/CPG, providing detailed insights into topography,
texture and shape. With its superior magnification and resol-
ution, SEM enables visualization of fine surface features and
microstructural characteristics at the nanoscale. Fig. 1a-c dis-
plays SEM images of both CPG and ABNPs/CPG. The CPG
structure appears flat, while the AB-modified CPG exhibits a
clustered surface with white patches, indicating the modifica-
tion of the CPG surface with ABNPs.

Electrochemical studies of modified electrodes: The
electrochemical properties of the prepared electrodes, parti-
cularly CPG-PE and ABNPs/CPG-PE, were investigated in
the presence of [Fe(CN)g]*"* using cyclic voltammetry (CV)
at 100 mV st as shown in Fig. 2a. The CVs show a peak-to-
peak separation (AEp) of 163 mV for CPG-PE and 129 mV
for ABNPs/CPG-PE. [Fe(CN)g]*** exhibited a higher anodic
peak current (163.3 = 3.8 pA, RSD = 2.3%) on ABNPs/CPG-
PE compared to the unmodified CPG-PE (130.3 + 4.4 pA,
RSD = 3.4%). The findings suggest that ABNPs can potenti-
ally augment the conductivity and surface area of the elect-
rode as well as improve the reversibility of electron transfer
processes.

15kV X2,000 18pm G0 1S5kVU X2,

28006

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed in the presence of [Fe(CN)s]*"* to
further elucidate the surface characteristics of the modified
electrodes. Fig. 2b shows the Nyquist plots for the unmodi-
fied CPG-PE and the ABNPs/CPG-PE. The unmodified CPG-
PE exhibited a higher charge transfer resistance (Rc) of 1737
+ 45 Q, RSD = 2.6%, indicating significant electron transfer
resistance to the redox probe. With the incorporation of ABNPs
into the CPG-PE, R decreased to 891 + 26 Q, RSD = 2.9%,
suggesting that the hybrid composite ABNPs/CPG-PE enha-
nced the electron transfer process potentially due to its excell-
ent conductivity. The agreement between the EIS data and
the CV confirmed the improved properties of ABNPs/CPG-
PE as basis for the envisioned electrochemical sensor.

To investigate the effective surface areas of ABNPs/
CPG-PE and the bare CPG-PE, the influence of the scan rate
on the CV response of the redox couple [Fe(CN)s]*"* were
measured (Fig. 3). Using the Randles-Sevcik equation, Ip, =
(2.69 x 10%) n¥2 A DY2v¥2 C (Ips: anodic peak current value;
A: the active electrode area; n: number of electrons; C: the
concentration of [Fe(CN)e]®7*; v: scan rate; and D: diffusion
coefficient) [34], the effective surface areas of the bare CPG-
PE and ABNPs/CPG-PE electrodes were determined to be
0.06 + 0.001 cm?, RSD = 1.7% and 0.12 + 0.003 cm?, RSD =
2.5%, respectively (Fig. 2c). The increased electroactive surface
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Fig. 1. SEM images of CPG (a) and ABNPs/CPG hybrid composite (b & c) at low and high magnification
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Fig. 2. (a) CVs and (b) Nyquist plots of CPG-PE and AB/CPG-PE in 5 mM [Fe(CN)s]*/[Fe(CN)s]* (1:1 mixture) solution containing 0.1 M
KClI at a scan rate of 100 mV s, (c) Plot of Ipa vs. v12
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Fig. 3. CVs of (a) bare CPG-PE and (b) ABNPs/CPG-PE in 5

area of the modified electrode reflects the role of ABNPs as an
effective enhancer, offering a larger surface and promoting
electron transfer across the interface.

Electrochemical behaviour of AVA at AB/CPG-PE:
Fig. 4a shows the CVs obtained at a concentration of 38.4 uM
AVA at both the unmodified CPG-PE and the ABNPs/CPG-
PE in PBS pH 7.0. AVA displayed a single irreversible oxida-
tion peak at both electrodes, attributed to a one proton, two-
electron oxidation process in the forward scan, with no reduc-
tion peaks observed during the reverse scan, confirming the
irreversibility of the oxidation process. Compared to the un-
modified CPG-PE (3.88 £ 0.058 pA, RSD = 1.5%), a signifi-
cant increase in the anodic current was observed for the ABNPs/
CPG-PE (5.27 £ 0.1 uA, RSD = 1.9%). This highlights that
the presence of ABNPs enhances conductivity, increases sur-
face area and facilitates electron transfer between AVA and
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mM [Fe(CN)6]3/#+ at different scan rates (50-300 mV s?)

the ABNPs/CPG-PE surface. Consequently, the sensitivity of
AVA detection is markedly improved when using the ABNPs
film-modified CPG-PE.

The oxidation behaviour of AVA was also investigated
using AdS-SWV in PBS (Fig. 4b). The electrochemical resp-
onse of 19.6 uM AV A at ABNPs/CPG-PE is more sensitive
when using AdS-SWV compared to CV, as this technique
enhances analytical signals by eliminating the non-faradaic
currents that occur with CV. In this context, the anodic peak
current at the ABNPs/CPG-PE was 28.35 + 0.65 pA, RSD =
2.3%, which is considerably higher than the current response
obtained through CV as well as compared to that attained at
the unmodified CPG-PE (19 + 0.55 pA, RSD = 2.9%). The
substantial increase in the anodic peak current provides
evidence of a catalytic effect of ABNPs in CPG-PE and an
enhanced electrode area. The quantity of ABNPs can influ-
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Fig. 4. (a) CVs of 38.5 uM AVA and (b) AdS-SW voltammograms of 19.6 uM AVA in PBS of pH 7.0 obtained for bare CPG-PE and
AB/CPG-PE at a scan rate of 100 mV s1; (c) AdS-SW voltammograms of 19.6 uM AVA in PBS of pH 7.0 at CPG-PE modified with
different amounts of ABNPs. Inset: The bar diagram exhibits the effect of different amounts of AB on the anodic peak response
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ence the electrochemical behaviour of AVA at ABNPs/CPG-
PE and hence the optimal amount of ABNPs in the CPG paste
was investigated. Fig. 4c illustrates the impact of the quantity
of ABNPs on the oxidation peak current of AVA during AdS-
SWV. Three distinct modified electrodes were examined
maintaining consistent conditions and varying the ABNPs
amount from 10 to 25 mg. With increasing amount of ABNPs
the AVA oxidation peak current gradually rose reaching its
maximum at 17.5 mg ABNPs most likely due to an enhanced
surface area. The peak current of AVA slowly decreased as
the ABNPs quantity increased further.

Influence of pH and supporting electrolyte: The effect
of solution pH, ranging from 3.0 to 8.0, on the electro-
chemical oxidation of 19.6 uM AV A at ABNPs/CPG-PE was
studied in PBS employing AdS-SWV (Fig. 5a). As depicted
in Fig. 5b, the peak current of AVA is modulated by changes
in pH value, peaking at pH 7.0. Thus, all subsequent experi-
ments were conducted in pH 7.0 PBS to achieve optimal
sensitivity for AVA determination. The dependence of peak
potential (Epa) on pH was investigated, revealing a linear relat-
ionship. The peak potential was observed to shift negatively
with increasing pH, indicating that protons are involved in
the oxidation process. The equation for this relationship is
Ep(V) = 1.271 - 0.030 pH (R? = 0.991). A slope of 0.030 V
pH indicates that the electrochemical reaction of AVA at
ABNPs/CPG-PE involves one proton and two electrons in the
oxidation mechanism (Scheme-1) [34]. The influence of
different electrolytes on the AV A oxidation current at ABNPs/
CPG-PE was studied using phosphate buffer, Britton—Robinson
(PBS) and Mcllvaine buffer (Fig. 5¢). The peak height achi-
eved a maximum and the curve shape was more symmetric
in PBS at pH 7.0 compared to the other electrolytes. Thus,
PBS with pH 7.0 was selected for the subsequent voltammetric
experiments.

Influence of potential scan rate: The kinetic characteris-
tics of the developed electrode and the mechanism of the
electrooxidation process of AVA at the electrode surface can
be determined by examining the influence of scan rate (v) on
the voltammetric response of AVA. The CVs of AVA at
ABNPs/CPG-PE were analysed with the scan rate increasing
from 25 to 300 mV st in PBS of pH 7.0 (Fig. 6a). The anodic
shift of the oxidation peak potential with increasing scan rate

suggests a quasi-reversible or irreversible electrochemical pro-
cess [35,36]. The peak current increases with v represented
by the equation: Ip, (uA) = 0.285 + 0.0296 V (mV s?) (R? =
0.997), suggesting that the electrooxidation mechanism of
AVA at ABNPs/CPG-PE is governed by a kinetic adsorption
process (Fig. 6b). This is more confirmed by plotting the log
I, against the log v (Fig. 6¢), resulting in a linear relationship:
log lpa (uA) = 0.951 log v (mV s7) — 1.39 (R? = 0.998). The
slope of 0.951 confirms that the irreversible electrode process
of AVA at ABNPs/CPG-PE is controlled by the adsorption
of AVA (for a pure adsorption process, the slope equals 1)
[37]. A linear relationship between the Epa and In v was estab-
lished as [Epa (V) = 0.78471 + 0.03028 In v (mV s?%) (R?=
0.985)] for CPG-PE and [Epa (V) = 0.8266 + 0.02988 In v
(mV s?) (R? = 0.991)] for ABNPs/CPG-PE (Fig. 6d).
Following the Laviron theory for an electrode process that is
entirely irreversible and controlled by adsorption [38], E, is
expressed as:
E,=E° —(ﬂjln(%}r(ﬁjlnv
anF anF anF
According to the Laviron equation and the slope obtained
from the previous equation [Epa (V) = 0.8266 + 0.02988 In v
(mV s™) (R = 0.991)] for ABNPs/CPG-PE, the value of an
can be calculated as following: [Slope = 0.02988 = (RT/anF)].
Where o represents the electron transfer coefficient and n
denotes the number of electrons transferred, while R and T
retain their conventional meanings. The calculated value of an
was approximately 0.86. Since, the electrooxidation process
of AVA was found to be completely irreversible, o was assu-
med to be 0.5 [34]. Therefore, the number of electrons trans-
ferred (n) was determined to be 1.72, which is approximately
equal to 2 [13]. These results further affirm that the electro-
oxidation process of AVA at the ABNPs/CPG-PE involves
the consumption of two electrons and one proton. The detailed
pathway of AVA oxidation is illustrated in Scheme-I.
Furthermore, the charge transfer rate constant (ks) value
can be deduced from the intercept of the preceding plot if the
values of an and E° are provided. The E° values are 0.86 V
for CPG-PE and 0.92 V for ABNPs/CPG-PE by extrapolating
the line to v = 0 V st on the ordinate of the E, vs. v plot.
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Fig. 5. (a) AdS-SW voltammograms of 19.6 uM AVA using an ABNPs/CPG-PE at different pH values (PBS); (b) Effect of pH on lpa (m)
and Epa (@) at ABNPs/CPG-PE; (c) AdS-SW voltammograms of 19.6 uM AVA in different buffers of pH 7.0 obtained at
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Scheme-1: Proposed electrochemical oxidation mechanism of AVA at ABNPs/CPG-PE sensing platform

Utilizing this data and eqn. 1, the derived ks values were 397
and 762 s for CPG-PE and ABNPs/CPG-PE, respectively.
This may be due to the increased electrode surface area and
enhanced electrical conductivity facilitated by ABNPs, sugg-
esting a fast electron transfer process between the adsorbed
AVA molecules and ABNPs/CPG-PE.

The amount of electroactive AVA (I, mol cm2) adsor-
bed on the surface of ABNPs/CPG-PE and bare CPG-PE was
calculated using the following relationship [39]: T = Q/nFA,
where Q is the charge involved in the oxidation process, F is
the Faraday constant, n is the number of electrons (n = 2) and
A is the area of the working electrode. The I" values on the
ABNPs/CPG-PE and the bare CPG-PE were 2.43 x 10~ and
1.99 x 107° mol cm, respectively. The substantial increase
in " for ABNPs/CPG-PE compared to CPG-PE suggests that
ABNPs offers a significantly larger surface area and strongly
influences the adsorption characteristics of AVA.

Parameters optimization: The optimizing measurement
parameters such as frequency (f) and pulse height (Ea) is
essential to enhance the AdS-SWYV response for accurate AVA
detection. Fig. 7a lllustrates the influence of E. (ranging
from 2 to 10 mVy,) on the AdS-SWV of AVA, employing a
frequency of 100 Hz, a 60 s accumulation time and a 10 mV

scan increment. The peak current obtained at a pulse height
of 8 mVp, was the highest and was utilised for further experi-
ments. Similarly, the effect of the frequency in the range from
20 to 100 Hz, the accumulation potential (Eacc) and accumu-
lation time (tacc) of AVA were investigated (Fig. 7b-d). The
optimal conditions for high sensitivity and the best peak morp-
hology were E. = 8 MV, f =100 Hz, Es = 10 MV, taec = 120 s
and Eqec = 0.2 V.

Quantification of AVA at ABNPs/CPG-PE: The AdS-
SWV in PBS pH 7.0 was used for AVA detection at ABNPs/
CPG-PE, employing the optimised parameters derived above
(Fig. 8a). Fig. 8b illustrates the calibration curve of AVA,
featuring two distinct linear sections with different slopes.
This indicates a correlation between the peak current and two
separate ranges of AVA concentration. The initial linear
section correlates with AVA concentrations ranging from
0.002-1.96 uM (Ipa (A) = 4.198 (uM) [AVA] + 0.2752, R?
= 0.997), while the second linear section relates to AVA
concentrations from 1.96-19.6 uM (lpa (pA) =1.21 (uM)
[AVA] + 6.02, R? = 0.996). By applying the equations LOD
=3s/b and LOQ = 10s/b, where s is the standard deviation of
the intercept and b is the slope of the calibration plot, the limit
of detection (LOD) and limit of quantification (LOQ) for AVA
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within the lower range of concentration were calculated, with and the validation metrics for the proposed method were cal-
values of 9.3 x 1071 M and 3.1 x 10° M (S/N = 3), respec-  culated and are summarised in Table-1.

tively. The sensitivity of the AVA electrochemical sensor was The effectiveness of ABNPs/CPG-PE employed was
evaluated to be 59.97 pA uMcm. The analytical results ~ compared with other studies utilizing various electrodes com-
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Fig. 8. (a) AdS-SW voltammograms for the determination of AVA over the concentration range of 2.0 nM to 19.6 uM at an ABNPs/CPG-
PE electrode in phosphate-buffered saline (PBS) at pH 7.0; (b) corresponding calibration plot for AVA

TABLE-1
REGRESSION DATA OF THE CALIBRATION LINES
FOR QUANTITATIVE DETERMINATION OF AVA IN
BULK, SERUM AND URINE SAMPLES AT
ABNPs/CPG-PE USING AdS-SWV

Parameters Bulk Serum Urine

Linearity range (uM) 0.002-  0.002- 0.002-
1.96 1.96 1.96

Slope (LA uM™) 4.198 3.975 3.357
Standard error of slope 0.067  0.11248 0.04323
Intercept (LA) 0.2752  0.14299  0.1006
Standard error of intercept 0.022  0.02191 0.01033
Coefficient of determination (R?) 0.997 0.9991 0.998
Number of measurements (n) 3 3 8
LOD (nM) 0.93 15 1.6
LOQ (nM) 3.1 5.0 5.4
Sensitivity (LA uM cm?) 59.97 56.79 47.96

prising primarily carbon-based materials for AVA deter-
mination (Table-2). ABNPs/CPG-PE reveals a wider linear
range and a lower LOD. It was found that the LOD for AVA
at ABNPs/CPG-PE was reduced by 76-, 40- and 38-fold com-
pared to other carbon paste electrodes, namely ZnO-NPs/

MWCNT/CPE, NiO-NPs/poly(sulf)/PGE and TiO;/MWCNT/
CPE, respectively (Table-2). The increased sensitivity and
electrochemical efficacy of ABNPs-modified CPG-PE makes
the proposed electrode superior in terms of activity for AVA
oxidation when compared to carbon paste electrodes (CPE)
modified with ZnO NPs and MWCNT (ZnO-NPs/MWCNT/
CPE) [13], nanostructured NiO/sulphanilamide polymer film
modified pencil graphite electrode (NiO-NPs/poly(sulph)/PGE)
[14], CPE modified with TiO2 NPs and MWCNT (TiOa/
MWCNT/CPE) [15]. The LOD and linear range (Table-2) also
demonstrated superior results compared with spectrofluori-
metry [7,8], spectrophotometry [9] and HPLC [10-12].

The electrochemical oxidation mechanism of AVA at
ABNPs/CPG-PE was also compared with findings from other
studies that employed different electrodes under varying solu-
tion conditions (Table-2). Based on the proposed oxidation
mechanism, the oxidation of AVA at ABNPs/CPG-PE (pH
7.0) takes place at the secondary amino group producing a
radical cation and involving the consumption of two electrons
and one proton (Scheme-1). This mechanism closely resem-
bles the electrochemical oxidation pathway of AVA at ZnO-
NPs/MWCNT/CPE (pH 6) [13], occurring at the same secon-

TABLE-2
COMPARATIVE DATA OF THE PROPOSED ELECTROCHEMICAL SENSOR WITH
OTHER REPORTED METHODS USED IN THE DETERMINATION OF AVANAFIL (AVA)

Methods Modifier pH Linear range (LM) LOD (nM) Ref.
Spectrofluorimetry - - 0.1-3.70 21 [7]
Spectrofluorimetry - - 2.0-20.0 132 [8]
Spectrofluorimetry - - 20-310 48 [9]
HPTLC - - 1.0-10.0 141 [10]
LC-MS - - 0.1-6.6 - [11]
LC-DAD - - 1.0-41.0 149 [12]
Voltammetry (SWV) ZnO NPs/IMWCNT/CPE 6.0 2.69-33.1 71 [13]
Voltammetry (SWV) NiO NPs/Poly(sulf)/PGE 3.0 0.05-1.0 37 [14]
Voltammetry (SWV) TiO2/MWCNT/CPE 3.0 0.1-6.0 35 [15]
Voltammetry (AdS-SWV) AB NPs/CPG-PE 7.0 0.002-1.96; 1.96-19.6 0.93 Present study
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dary amino group and involving the transfer of two electrons
and two protons. In contrast, at NiO-NPs/poly(sulf)/PGE (pH 3)
[14] or TIO//MWCNT/CPE (pH 3) [15], the oxidation of AVA
occurs at the nitrogen atom of the amide group, involving the
transfer of one electron and one proton, followed by hydro-
lysis and cleavage of the amidic bond. These findings demon-
strate that the electrochemical oxidation of AVA is influenced
by the nanometric characteristics, the active surface sites and
the catalytic properties of the modified electrode, as well as
by the conditions of the solution.

Selectivity: The selectivity of the AdS-SWV method was
investigated on the ABNPs/CPG-PE by studying the influence
of various interfering substances on the detection of AVA. The
results indicated that the presence of 10- or 50-fold concen-
trations of common interferents, such as ascorbic acid, uric
acid, dopamine, glucose, mannitol and metal ions Mg?* and
K*, did not significantly interfere with the AdS-SWYV resp-
onse of 8.0 x 10~ M AVA, resulting in only a minor change
of 2 to 3% (Table-3). Moreover, average recoveries ranging
from 96.2% to 98.1% were achieved, indicating that the ABNPs/
CPG-PE exhibits excellent selectivity towards AVA detection
even in the presence of different interfering substances
commonly found in pharmaceutical formulations and clinical
settings.

TABLE-3
INFLUENCE OF INTERFERENTS ON THE VOLTAMMETRIC
RESPONSES OF 8 x 107 M AVA AT ABNPs/CPG-PE

Interferent Folds  Concentration (uM)  Recovery (%)
Ascorbic acid 10 8.0 98.1
Uric acid 10 8.0 97.8
Dopamine 10 8.0 97.5
Glucose 50 40.0 96.2
Mannitol 50 40.0 97.8
Mg?* 10 8.0 96.7
K* 50 40.0 96.4

Stability and reproducibility of modified sensor: The
modified ABNPs/CPG-PE sensor showed high stability,
retaining 98.2% of its initial peak current response for 0.8 uM
AVA using AdS-SWYV after 42 days, with a RSD% of 1.38%.
Reproducibility was also evaluated using five distinct modified

sensors independently fabricated following the same method,
resulting in a RSD of 1.98%, indicating high reproducibility
of the ABNPs/CPG-PE. Accuracy and precision of the sugg-
ested method were evaluated by measuring three different
concentrations of AVA 0f 0.04, 0.84 and 7.94 uM using AdS-
SWV. This was done in five independent series on the same
day (intra-day) and at the same levels on five different days
(inter-day) with the results presented in Table-4. As shown in
Table-4, the RSD values are very low (RSD% < 3.80) and the
recovery of AVA is approximately equal to 100%, demons-
trating good accuracy and precision.

Analytical applications of ABNPs-modified CPG-PE
for AVA determination: To assess the reliability of the ABNPs/
CPG-PE, the suitability of the proposed voltammetric method
was tested using a commercially available pharmaceutical
drug (Atconafil) labeled AVA 200 mg. As stated in the
experimental section, the preparation of the sample solution
from the Atconafil drug should fall within the range of the
AVA calibration plot. AdS-SWV analysis was then carried
out using ABNPs/CPG-PE, as depicted in Fig. 9. The stan-
dard addition method was applied to determine the AVA con-
centration in the Atconafil drug. The detected value was found
to be 195 mg/tablet, with a recovery rate of 97.5% and an RSD
was 3.4% (n = 3), demonstrating the precision of the proposed
method. The proposed voltammetric method can effectively
determine AVA in pharmaceutical products, with no inter-
ference from the drug excipients during analysis.

The newly proposed method was utilised to determine
AVA levels spiked into human biological fluids (human blood
serum and urine samples) assessing the applicability of ABNPs/
CPG-PE for real sample analysis. Human biological fluids free
from AV A concentrations were spiked with varying amounts
of standard AVA solution for subsequent analysis under the
optimum conditions and the calibration plots are shown in
Fig. 10. As expected from the calibration graphs, two linear
dynamic ranges of 0.002 to 1.96 uM AVA and 1.96 to 19.6
puM AVA were identified for both serum and urine samples,
respectively. As presented in Table-4, the recoveries ranging
from 97.6% to 105.0% indicate a promising potential of the
new electrochemical ABNPs/CPG-PE sensor for AV A detec-
tion in biological samples.

TABLE-4
PRECISION (INTRA- AND INTER-DAY) AND ACCURACY FOR ASSAY OF AVA (n=3)
Added (M) Inter-day : Intra-day :
Found (LM) RSD (%) Recovery (%) Bias (%) Found (uM) RSD (%) Recovery (%) Bias (%)
Bulk form Bulk form

0.04 0.0397 3.80 99.25 0.042 3.76 105.00 -5.00
0.84 0.8370 2.46 99.64 0.842 2.63 100.24 -0.24
7.94 7.9900 1.94 100.63 -0.63 7.790 1.54 98.11 1.89

Serum sample Serum sample
0.04 0.0404 3.43 101.00 -1.00 0.042 3.57 105.00 -5.00
0.84 0.8700 3.52 103.57 -3.57 0.880 2.55 104.76 -4.76
7.94 7.8600 1.73 98.99 7.942 2.25 100.03 -0.03

Urine sample Urine sample
0.04 0.042 3.14 105.00 -5.00 0.041 3.78 102.50 -2.50
0.84 0.848 3.30 100.95 -0.95 0.820 3.88 97.62 2.38
7.94 7.900 1.60 99.50 7.980 1.59 100.50 -0.50
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Interaction of AVA with antihypertensive drug doxa-
zosin: Clinical studies have shown that a significant decrease
in blood pressure or an adverse event may occur when a PDE5
inhibitor is co-administered with an al-adrenergic receptor
blocker and carefulness must be taken. Consequently, it is
crucial to investigate the interaction between the antihyperten-
sive drug doxazosin (DOX), a selective al-blocker and AVA
to decide if there is a drug-drug interaction and to adjust AVA
dosing if necessary. Therefore, the interaction between AVA
and DOX was studied utilizing AdS-SWYV with the designed
ABNPs/CPG-PE sensor (Fig. 11). With the addition of various
concentrations of DOX to the AV A solution, the height of the
anodic peak current decreased and the peak potential shifted
to a more positive value. These changes in both current and
peak potential indicate an interaction between DOX and AVA.
The obtained results show a new oxidation peak at 980 mV
upon successive additions of DOX to the AVA solution (Fig.
11). The anodic peak corresponds to the electrooxidation of the
amino group in the unbound DOX molecule [40]. The drug-
drug interaction between AVA and DOX can be quantitatively
assessed by determining the binding constant using the follo-
wing equation (Fig. 12) [41]:

Log (1/[DOX])

4.9

-0.4 0 0.4 0.8
Log ((Ih-6/(lg=ln-c))
Fig. 12. Plots of log(1/[DOX]) vs. log(ln.c/lc—Iw-c) illustrating the interaction
between AVA and DOX at different temperatures

where K is the apparent binding constant, I and Iy are the
peak currents of the unbound guest (G) and the complex formed
between AVA and the DOX drug (H-G), respectively. The K
values of this interaction were determined at different temp-

1 I
Log| ———— |=Log(K)+Log| —-°—
Og(DOXdrugj 2g(K)+ Og(ls— ]

IS

eratures (Table-5), demonstrating stronger binding between

TABLE-5

BINDING CONSTANTS, STANDARD GIBBS FREE ENERGY, ENTHALPY AND
ENTROPY CHANGES OF THE BINDING OF AVA WITH DOXAZOSIN

System Temp. (°C) Log K -AGP° (k] mol?) AH? (k] molY) AS° (J molt K1)
10 5.22 28.27
20 5.47 30.66
AVA-Doxazosin 25 5.63 32.11 51.955 282.8
30 5.84 33.85
37 7.04 35.85
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the two drugs. It can be observed that the stability constants
for the binding of AVA with DOX increase as the temperature
rises from 10 °C to 37 °C. The most effective interaction bet-
ween the two drugs occurs at the physiological temperature
of 37 °C. The obtained results suggest that a pharmacokinetic
interaction between AV A and the antihypertensive drug DOX
is expected. Therefore, adjusting the AVA dosage is essential
when co-administered with DOX.

Thermodynamic studies of the interaction between
AVA and DOX: To have a better insight into the interaction
between AVA and DOX, thermodynamic parameters of the
binding process were assessed. In this context, determining
the binding constant at various temperatures provides a good
means to indirectly calculate the enthalpy (AH°) and entropy
(AS®) of the interaction process using the van’t Hoff equation,
as shown below [42]:

AH® A
RT R

The thermodynamic parameters (AH® and AS®) for the
binding of AVA with DOX were derived from the linear
behaviour of van’t Hoff plots (In K versus 1/T) (Table-5).
These findings reveal that the interaction process of AVA
with DOX is endothermic, indicated by a positive value for the
AHP° change. As well as the positive value of AS° displays an
increase in the rotational and translational degrees of freedom
in the drug-drug complex [43]. In this context, Ross &
Subramanian [44] reported that when AH® > 0 and AS° > 0,
hydrophobic interactions control the binding process. There-
fore, the positive values of AH® and AS° suggest that the
interaction of AVA and the DOX drug is primarily hydro-
phobic and the complexation process is entropy-controlled.

The change in Gibb’s free energy is an important thermo-
dynamic factor and its variation depends on the changes in
AS° and AH®, as expressed in the following equation:

AG® = AH® — TAS®
The value of AG® for the interaction between AVA and

DOX was also calculated using the standard thermodynamic
equation:

InK=-

AG®=-RT InK

The assessed values of AG® for the interaction of AVA
and DOX are negative (Table-5), indicating that the binding
process between the two drugs is thermodynamically spontan-
eous. Furthermore, the negative value of AG® increases with
the rise in temperature, implying that the binding of AVA with
DOX is more spontaneous at elevated temperatures. This result
also supports the higher K values observed at higher temperat-
ures. Considering the above results, the newly modified elect-
rochemical sensor provides a new avenue to study drug-drug
interactions, thereby preventing side effects.

Conclusion

The highlight of the present study is the development of
a novel electrochemical device tailored for detecting Avanafil
(AVA), an oral medication for the treatment of erectile dys-
function. This device is based on a composite pencil graphite
paste electrode (CPG-PE) incorporated with acetylene black
nanoparticles (ABNPs/CPG-PE) and it is used for detecting

AVA in pharmaceutical products and human body fluids using
AdS-SWV. The fabrication process of the new ABNPs/CPG-
PE sensor is straightforward, efficient and cost-effective. SEM
analysis revealed that the ABNPs/CPG-PE exhibited a surface
with agglomerated features and white patches, confirming the
modification of the CPG surface with ABNPs. The offered
sensor exhibited superior performance, demonstrating high
sensitivity, a wide linear range and lower LOD and LOQ,
indicating its prominent electrochemical behaviour towards
the oxidation of AVA. ABNPs-modified CPG-PE exhibited
a low LOD (9.3 x 107 M) and broad linear range (0.002-
1.96 uM and 1.96-19.6 uM) compared to other electrodes
reported in the literature. The practical application of the cons-
tructed ABNPs/CPG-PE sensor achieved sensitivity, selecti-
vity, cost-effectiveness and good recovery of AVA in human
biological fluids and tablet dosage forms, eliminating the
need for sample pretreatment before analysis. These findings
pave the way for designing and fabricating other promising
electrochemical sensors with high sensitivity for the trace
determination of phosphodiesterase inhibitors in clinical patient
blood. Furthermore, the interaction between AVA and doxo-
rubicin (DOX) was studied utilizing AdS-SWV with the
designed sensor ABNPs/CPG-PE. It was found that the most
effective interaction between the investigated drugs occurs at
the physiological temperature of 37 °C. To gain better insight
into drug-drug interactions, the thermodynamic characterisa-
tion of the binding process between AVA and DOX was
assessed. It was concluded that AVA dose adjustment is
necessary when co-administered with the antihypertensive
drug DOX to avoid subsequent serious side effects in patients.
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